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The rapid scaling of CMOS technology into the 45nm feature node or below enables the
design of higher-performance chips through the construction of complex and powerful
circuitry. Under area and power constraints similar to those of the past, circuit performance can raise to multi-GHz. The major impulse is that current design can provide
an abundance of functionalities with a compacted layout of millions of transistors in a
small chip area. However, shrinking transistor dimensions and highly condensed design
layout inevitably raise reliability issues including a notable impact on performance, especially aging effects and process variations. The timing uncertainties introduced by
these factors cause path delays to deviate considerably from their deterministic values
and to span to a wide range. Consequently, transistor and gate capabilities are degraded. Circuits experience aggravated performance degradation, increased yield loss and
escape, and a reduced operational lifetime. Circuit reliability analysis at the pre-silicon
stage has become vital for sub-45nm technology designs to detect aging effects in particular, such as Negative Bias Temperature Instability (NBTI) and Hot Carrier Injection

(HCI). Meanwhile, clock tree, the most active component in a circuit, experiences a
severe skew problem. Traditional load-matching and zero-skew routing techniques are
not as effective upon aging effects and process variations as they are in large node technologies. In addition, structure tests are required to ensure that the products delivered
to customers satisfy design specifications. Of all test methods, the path delay fault
(PDF) test is the most effective method to bin the circuit frequency and evaluate the
circuit performance. Considering aging effects and process variations, conventional PDF
pattern generation and tests face the problems of test complexity and high test cost.
This thesis targets these challenging issues in reliable integrated circuits designs and
tests to deal with the performance impacts. The techniques developed here include:
(1) A comprehensive analysis of the importance of performance impacts, including two
major aging effects, NBTI and HCI. (2) A novel methodology, named aging-aware path
delay (APD) analysis flow. APD flow is developed based on current commercial tools
to guarantee its high accuracy and low CPU runtime on circuit-level aging analysis. (3)
A selective gate sizing method, which makes use of APD flow analysis results. This
method is proposed to efficiently mitigate reliability threats and requires minimal area
overhead. (4) A representative critical reliability path design to construct stand-alone
circuitry for accurate performance evaluation and path delay deviation measurement.
(5) A novel flow for reducing clock skew with high efficiency. This flow takes into account the impact of NBTI and process variations. (6) A novel test cost reduction flow.
Post-silicon measurements on the ring-oscillators (ROs) facilitate the prediction of actual delay variations. Path delays are ranked accordingly, and PDF patterns are thus

reduced. (7) A novel methodology for identifying testable representative paths (TRPs)
for path delay fault tests. This technique reduces PDF patterns and saves test cost
and time considering both NBTI effect and process variations. These methodologies
are proposed to address challenging issues to design reliable integrated circuits, and
to provide a pathway for the successful design and testing of unpredictable silicon at
sub-45nm technologies.
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Chapter 1

Introduction

Industry implementation and academic research has driven CMOS technology into a
very deep sub-micron area. Advanced technologies are being developed to shrink transistor dimensions, following Moore’s Law [1] into the nano-regime below the 45nm
feature node. Technological advancement makes it possible to realize more powerful
circuitry by packing an extremely large number of gates into a small area. According
to Moore’s Law, transistor dimensions scale down by about 30% with every technology
generation. Correspondingly, circuit performance is expected to improve at a speed of
1.4x, doubling the transistor density for each technology generation.
As frequency speed up, circuits become more susceptible to environmental and
intrinsic factors as technology scales down. The immediate negative impact from these
performance factors, to some extent, may cause failures in circuit functionalities. Among all these factors, process variations and aging effects are regarded as the two most
important reliability issues. Process variations, including inter-die and intra-die variations, cause circuit performance to deviate from nominal design specifications. Intra-die
variations cause spatial difference in the values of the physical parameters within identical die. Inter-die variations result in bias in parameter values from die to die. In
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contrast, aging effects shift gate and path delays gradually over time. As a result, circuit functionalities may fail after a period of time, depending on the actual degrading
conditions of the circuitry.
The introduction to this thesis examines reliability issues, process variations, and
aging effects. It provides an overview of the mechanisms of aging effects and process
variations as well as the related conventional performance compensation methodologies.

1.1

Circuit Reliability Issues

Reliability describes the capability of an item to perform its required functions, its
resistance to unexpected conditions, and its ability to remain operational for a long
period of time. In the integrated circuit (IC) regime, these reliability definitions are
also used to characterize the necessary features of circuit components. Figure 1.1 shows
an overview of the circuit reliability failure rate as a function of operational lifetime.
This curve is called the empirical bath tub curve [2]. In this figure, the curve starts in an
infant mortality phase, which presents a very high circuit failure rate. Manufacturing
defects are electronically malfunctioning circuitry within a tiny chip area, caused by
errors in the fabrication process. During this stage, high cost burn-in tests are required
to ensure that the products delivered to customers satisfy the design specifications with
no defects. The second stage, the operational time phase, has a low and constant
failure rate. During this stage, tests are characterized as qualification tests to estimate
the product’s lifetime. The last stage of the curve, the wearout phase, shows a sharp
increase in the failure rate. In actual product applications, this region may not be
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Fig. 1.1: The empirical bath-tub curve evaluating circuit reliability failure rate over
operational time.

observable, since most of the products fail in functionality before reaching this region.
By comparing all three phases described in Figure 1.1, we can see that reliable integrated
circuit designs and tests are subject to the reliability analysis, degradation estimation,
and lifetime prediction during the second phase.
In cutting-edge very large scale integrated (VLSI) circuit designs and tests, a
number of fundamental reliability issues serve as obstacles necessitating careful attention and research efforts. One of these issues, the effect of on-chip process variations
upon CMOS performance, has been explored for decades. Though different mathematical models and estimation methodologies have been proposed, effective solutions
applicable to all technology nodes remain an open challenge. Aging failure mechanisms,
by contrast, have recently attracted extra attention. Failure effects unavoidably degrade
the lifetime of an individual transistor and can therefore threaten the lifetime of the entire circuit. These aging issues need to be addressed from the design point as well as the
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testing point, because most of the aging effects evolve with time and depend on actual
operational conditions. Existing aging-related reliability issues primarily include:
• Time-dependent gate-oxide breakdown (TDDB)
• Negative-bias temperature instability (NBTI)
• Hot-carrier injection (HCI)
• Electromigration (EM)
• Electrostatic discharge (ESD)
• Latch-up
• Leakage isolation
This thesis focuses on two aging effects, NBTI and HCI, which are considered the
most important, because they so severely degrade performance at the circuit level.

1.1.1

Negative Bias Temperature Instability (NBTI)

NBTI is a major reliability issue in deep sub-micron feature nodes, especially those
below the 45nm region. NBTI degrades PMOS transistor robustness, impacts gate
performance, and reduces the circuit’s operational lifetime. NBTI occurs when traps
accumulate on the boundary of the Si − Si O2 interface and when the transistor is
reversely biased (Vgs = −Vdd ). Temperature plays an important role as an accelerating
factor in NBTI effect. The mechanism and progressive development of NBTI is highly
related to dangling Si atoms in the gate dielectric and fabrication process perturbation.
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Fig. 1.2: The mechanism of negative bias temperature instability (NBTI).

In current fabrication technology, the gate channel is made of highly ordered crystalline
silicon, where the gate dielectric is traditionally made of amorphous Si O2 . The interface
surface of these two dissimilar materials is formidably rough. Dangling Si atoms are
generated from the fabrication process. Trapping these Si atoms in the gate dielectric
will decrease the MOS transistor performance. In order to remove these dangling Si
atoms, the conventional CMOS manufacturing process anneals the dangling bonds from
FETs fabrication after their formation at the Si − Si O2 interface. During the annealing
step, hydrogen gas is diffused to the interface, which binds the hydrogen atoms (H) to
the dangling Si atoms to form Si − H bonds, as shown in Figure 1.2. Si atoms come
from manufacturing imperfections as well. These Si − H bonds break down eventually
due to the high voltage stress over the gate oxide. The whole breakdown process can be
accelerated under high temperatures. Meanwhile, traps are generated when hydrogen
atoms are diffused into the gate oxide. These interface traps can capture charger carriers
in the channel, leading to the elevation of threshold voltage in absolute value (|Vth |),
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Fig. 1.3: Vth degradation and recovery of NBTI effect [3] [4].

and thereby weaken the transistor performance. As physical dimensions scale down in
low technology nodes, power supply voltage scales less aggressively for the purpose of
improving circuit performance. The unmatched scaling of power supply voltage creates
every high stress electrical field, which exacerbates NBTI degradation. Meanwhile,
highly dense transistor layout makes it more difficult to dissipate heat in local hot
islands on chips. The increased temperature also speeds up NBTI degradation.
In recent years, the NBTI recovery mechanism has attracted increasing attention. As the PMOS transistor is positively biased, when Vgs = Vdd , part of the trapped
chargers will be released from the gate dielectric. Thus, part of the threshold voltage degradation is recovered. Figure 1.3 shows both degrading and recovery phases of
transistor threshold voltage Vth during circuit dynamic operation [3], which is based
on the silicon data collected in [4]. Results in the figure show that ≥ 75% of the Vth
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Fig. 1.4: Vth degradation according to different cycle time considering NBTI effect [3].

caused by NBTI degradation can be recovered in a very short period of time during
the recovery stage when the PMOS transistor is positively biased. Aging degradation
analysis becomes further complicated considering this NBTI recovery phase, since different implementations of the actual circuit leads to different stress conditions for each
transistor. The actual stress probabilities of transistors with the same overall stress
time may deviate from each other significantly. Figure 1.4 shows the results from [3],
which compares the Vth degradation according to different cycle times. Here, different
cycle times assign different stress probabilities to the transistor, thus the overall stress
time can be changed.
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Fig. 1.5: The mechanism of hot-carrier injection (HCI).

1.1.2

Hot-Carrier Injection (HCI)

Unlike the NBTI effect, HCI has a prominent negative impact upon NMOS transistors.
HCI degrades NMOS performance during the switching stage of gate stress voltage. The
mechanism of HCI is shown in Figure 1.5. When the gate-source voltage elevates, the
channel is reversely biased and is partially turned on. Synchronously, if the drain-source
voltage is high enough, a sufficient number of conducting electrons are generated. Due
to the lateral electrical field between gate and source, many electrons accelerate and gain
enough kinetic energy to cross the gate oxide interface barrier and inject themselves into
the gate dielectric. Some electrons near the drain may cause impact ionization, which
is a secondary effect and leads to the further generation of electrons to inject into the
gate oxide region. The injected electrons generate traps in the dielectric and result in
the leveling up of the NMOS transistor’s threshold voltage (Vth ).
Figure 1.6 shows the Vth degradation of a NMOS transistor in an inverter over
time due to HCI effect [5], where the CMOS inverter was operated at 1.2V and ≈
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Fig. 1.6: NMOS Vth degradation due to HCI effect in addition to the gate oxide degradation for different stress inputs, as a function of stress time [5].

1GHz maximum frequency. The NMOS has an aspect ration W/L = 3µm/0.13µm.
In the experiment, four input signals were used to compare different HCI degradation
conditions, where DC0 indicates that the input is a DC signal at 0V ; DC0 indicates
that the input is a DC signal at 3.2V ; AC 500KHz indicates that the input is an AC
signal with a frequency of 500KHz; and AC 1KHz indicates that the input is a AC
signal with a frequency of 1KHz. The same experiments were repeated to measure the
PMOS threshold voltage degradation with the results shown in Figure 1.7.
From the results, we can see that when the AC signal is applied at the gate input,
the NMOS transistor shows an extra Vth degradation ∆Vth in addition to the gate oxide
degradation, which is presented by HCI during the signal transition. However, HCI
during signal transition has no effect on the PMOS transistor. A comparison of the
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Fig. 1.7: PMOS Vth degradation due to gate oxide degradation without HCI effect for
different stress inputs, as a function of stress time [5].

results in Figures 1.6 and 1.7 clearly demonstrates that HCI is a unique aging effect on
NMOS transistors.

1.1.3

Process Variations

Figure 1.8 shows the major steps in the conventional CMOS fabrication process. Process
variations are introduced by imperfections in the manufacturing process. Due to the
limitations and inaccuracy of the tools used in each step, the conventional fabrication
process creates process variations in the manufactured devices. Considering all the
manufacturing steps, the major sources causing transistor process variations can be
characterized as:
• Random dopant fluctuation (RDF): RDF results from variability in the impuri-
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Fig. 1.8: Major fabrication steps in the conventional CMOS process flow.
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12
ty concentration implanted in the transistor channel region, which significantly
alters the transistor’s properties, especially transistor threshold voltage. As technology shrinks down, RDF becomes much more severe. The main reason is that
compared with the decreased volume of dopants, the change of impurity atoms
weighs as a more significant factor, as it considerably alters transistor properties.
RDF is a severe variation source because even two adjacent transistors may have
significantly different dopant concentrations.
• Line edge roughness (LER): LER is the deviation of the dimensional scale of a
feature edge from the ideal smooth shape expected from design requirements.
LER is subject to the resolution limit of the imaging tool that was used to print
the feature. LER is recognized as a major issue in device manufacturing. For
example, local poly-gate patterning fluctuations result in parameter fluctuations
in the transistors.
• Gate dielectric variations: These are multiple variability sources in the high-k gate
dielectric including: gate oxide thickness variation, fixed charge variation, and the
variation of interface traps.
• Implant and anneal inaccuracy: These inaccuracies are the physical implant and
anneal processes associated with several transistor variations, including threshold
voltage fluctuation, channel resistance deviation, and so on.
• Channel process strain imperfection: Starting from the 90nm feature node and
below, channel process strain approaches are used to enhance the transistors.
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Through channel strain, thin Si layers, which are grown on Si Ge substrates, such
the thin Si layer can create more intense biaxial tensile stress in the channel.
Meanwhile, channel strain leads to some new random and systematic variations.
• Chemical mechanical polish (CMP) imperfection: CMP is a process of using chemical and mechanical forces, etching and abrasive polishing, to smooth and flatten
surfaces. CMP can cause several gate dimensional variations.
We can see that the physical parameters affected include but are not limited
to: doping concentrations, oxide thickness, gate length and width, threshold voltage,
channel length, propagation delay, and power dissipation. Considering all the variations
introduced during the manufacturing process, process variations can be categorized
as inter-die and intra-die variations at the circuit level. Inter-die variations are the
variations across the dies. These process variations impact all transistors/gates on one
die in the same way. Intra-die variations are the variations within each die, and they
impact each transistor/gate on a single die differently.
In large technology nodes, such as 90nm and larger, inter-die variations are regarded as dominant over intra-die variations. However, in small technology nodes,
especially those below 45nm, intra-die variations are rapidly and steadily growing and
can significantly affect circuit performance as well. Thus, both inter- and intra-die variations impact the production yield, and it is important to properly handle the variations
for reliable integrated circuits designs and tests. The ITRS [6] report shows that the 3σ
intra-die variation of threshold voltage Vth and gate effective channel length Lef f can
reach 42% and 12% separately in the 45nm technology node.
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1.2

Performance Analysis and Compensation Methodologies

Performance analysis and compensation methodologies are required at different design
stages to create reliable integrated circuits. Circuit and system level reliability are the
final reliability goals of products that interest customers. The major task of current
reliable integrated circuit designs and tests is the proposition of effective methodologies
to handle: (1) spatial unreliability introduced by manufacturing process variations and
random defects, (2) temporal unreliability caused by aging effects, and (3) dynamic
unreliability due to different workload dependence and temperature variations.
Figure 1.9 shows the taxonomy of reliable integrated circuits design methods.
Reliable integrated circuits design methods of compensating performance degradation
can be broadly divided into two categories:
1. Pre-Silicon Design Methodologies
2. Post-Silicon Runtime Techniques
Pre-silicon design methodologies are further categorized into: (a) conservative
design, (b) gate sizing, and (c) resilient design. Post-silicon runtime techniques can
also be further categorized into: (a) sensor-based design, (b) adaptive body-bias, (c)
adaptive supply voltage, and (d) adaptive frequency.
In the following subsection, details of the design methodologies will be presented.
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Fig. 1.9: Reliable integrated circuits design taxonomy.
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1.2.1

Pre-Silicon Design Methodologies

Conservative Design
Conservative design is a popular design method used to introduce a sufficient timing
safety margin, known as guardbanding, to ensure that circuits function correctly in the
presence of potential timing violations from supply voltage fluctuation, temperature
perturbation, aging degradation, and impact from process variations. The usual options
that can create guardband are to:
1. Conservatively slow down the clock to meet the longest path delay
2. Boosting up the supply voltage to obtain faster operational circuit speed
3. Pessimistically fabricate the design using low-Vth manufacturing technologies
Figure 1.10 shows the exemplary waveforms of three conservative design methodologies, where Tclk is the clock cycle; tcp is the largest critical path delay; ∆t is the
delay perturbation caused by process variations, aging effects, supply voltage (Vdd ) perturbation, and temperature fluctuation; Tm is the value by which the clock is slowed
down; ∆Vdd is the value by which the supply voltage is increased; Vth is the threshold
voltage; and ∆Vth is the value by which the threshold voltage is decreased. The figure
demonstrates that by these three conservative methodologies, we can ensure the design
specification is satisfied as:
tcp + ∆t ≤ Tclk
where Tclk → Tclk + Tm for slowing down clock using method 1.

(1.1)
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Fig. 1.10: Conservative design methodologies.
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By adding extra timing safety margins, circuit delay can be successfully guardbanded within the clock cycle. However, conservative approaches are ineffective in
reducing area and power overhead. All three design methodologies, slowing down clock
frequency, leveling up supply voltage, and lowering Vth , increases the power consumption. In addition, low-Vth technologies introduce complexity and difficulty to the manufacturing process. There is a tradeoff between performance and area/power overhead;
however, the area and power penalty cannot be accepted in the contemporary competitive market where power and performance are dominating factors.

Transistor and Gate Sizing
Transistor sizing is an effective design method for performance compensation. One
general way is to tweak the transistor channel length and width ratio (W/L) to improve
the gate drive current, so that the transistor drive current is proportional to W/L as:

Idrive ∝

W
L

(1.2)

From Equation 1.2, it is obvious that either increasing W or decreasing L can increase drive current Idrive . In conventional manufacturing processes, shrinking channel
length L is preferred. The transistor sizing method is usually used to improve circuit
tolerance to process variations. Up-sizing on the transistor dimensions at the design
stage can effectively increase drive current Idrive to obtain performance compensation.
However, transistor sizing methods bring manufacturing burdens and are more applicable to customerized designs. In addition, transistor sizing introduces area and power
overhead.
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Gate sizing is a standard cell library-based sizing method for compensating performance degradation. Instead of tweaking the transistor dimension, gates will be replaced
with their larger size counterpart gates in the standard cell library. Compared with a
replaced gate, the replacing gate has the same functionality but with a larger drive current. Advantageous over transistor sizing, the gate sizing method is more flexible, and
can be performed after synthesis or after physical layout. Gate sizing can be conducted on the basis of extracting actual circuit conditions, which renders it more practical
to implementation. In addition, without modifying the cell dimensions in the library,
gate sizing is applicable to digital design and incurs no burdens during manufacturing.
There is a different definition of the gate sizing method, which modifies the PMOS and
NMOS aspect ratios W/L separately to obtain the same rising and falling delays and
the same transistor drive currents. However, in this thesis, we include such sizing in the
transistor sizing.

Resilient Design
Resilient designs are design schemes providing robust resilience to VLSI circuits that
mitigate the effects of performance perturbations on device and circuit parameters. In
this introduction, we define the cross-level (from the bottom process technology up to the
system level of the hierarchy) design methodologies as resilient designs. Resilient design
exploits potential opportunities for circuit robustness by facilitating the interaction of
hardware and software to compensate for pervasive performance loss.
One general method of resilient designs is using error control blocks and error
detection and correction (EDC) techniques. In error detection and correction, two-
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bit errors can be detected and one-bit errors can be corrected. By inserting EDC
blocks into the circuit and implementing error correction coding (ECC) at the systemor architecture-level, timing errors are detected and corrected when performance is
perturbed. Thus the proper circuit functionalities are maintained.
Other resilient design methodologies include voltage droop, which includes supply voltage (Vdd ) droop, body bias voltage (Vsb ) droop, and frequency droop. These
methodologies require a pre-analysis of the circuit topology to get the circuit timing
information, including gate driving capabilities, capacitive load, and fan-out/-in conditions. For aging estimation, the worst or corner-case workload conditions also need to
be estimated. By collecting the timing information, a circuit can be divided into grids
according to their susceptibilities to performance impacts and to determine the supply
voltages, body biases, and even operational frequencies for each grid . Different from
the conservative designs discussed in Section 1.2.1, these resilient design methodologies
locally specify supply voltage, body bias, and operational frequency to each grid, while
a unique supply voltage, body bias, and operational frequency is globally assigned to
all gates or functional blocks in the circuitry of conservative designs.

1.2.2

Post-Silicon Runtime Techniques

Post-silicon runtime techniques exploit circuit performance deviation via on-chip sensors and dynamically manipulate circuit calibrations. Sensors are inserted at the design
stage according to analysis of circuit topology and connection and an accurate analysis of the workload condition. Instead of using pre-determined supply voltage, body
bias, and operational frequency, post-silicon runtime techniques determine calibration
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schemes in the field. Thus post-silicon runtime techniques are also called adaptive control methodologies. According to the circuit parameter adopted for circuit performance
calibration, adaptive methodologies can be categorized into:
• Adaptive supply voltage
• Adaptive body bias
• Adaptive frequency scaling
Using the accurate measurement from on-chip sensors and sophisticated supply
voltage tuning, body bias can effectively improve circuit performance and remain critical
path delay within design specifications. Tuning the frequency is different from tuning
body bias and supply voltage. The circuit frequency will scale down to ensure that
the circuit can safely operate, while the overall performance is sacrificed. However,
in many low power designs, scaling the operational frequency is preferred, because
power consumption is a more stringent constraint rather than frequency. Different from
the conservative and resilient designs in Section 1.2.1, adaptive control methodologies
essentially depend on sensor design and insertion, since the measurement resolution and
accuracy of the inserted sensors determine the effectiveness of the post-silicon runtime
calibration.
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1.3

1.3.1

Research Focuses of This Thesis

Aging Analysis and Compensation

Circuit reliability analysis at the pre-silicon stage has become vital for sub-45nm technology designs, in particular due to aging effects such as NBTI and HCI. To avoid potential
reliability hazards in the post-silicon stage, current large-scale designs for commercial
implementation over pessimistically analyze circuit aging under an assumed worst-case
workload in order to avoid violating the corner cases even in low possibilities, thus introducing unnecessary margins in the design timing analysis. The major issue is a lack
of effective aging analysis method applicable to large designs with low CPU runtime.
This is mainly due to:
1. Conventional reliability tools are extremely time-consuming for circuit-level timing
analysis and thus are not practical for large designs.
2. Mathematical models developed to expedite the process are not accurate, due to
the complexity of aging effects.
Meanwhile, it is vital to efficiently identify the paths that age at a faster rate
than others in the field. Moreover, gates that have the most impact on the degradation
of these paths must be identified for compensation purposes.

1.3.2

Clock Skew Considering NBTI and Process Variations

NBTI has emerged as a major concern, not only to the functional circuits, but also
to the clock tree. Further aggravated by process variations, aging-induced reliability
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issues become more challenging as technology scales further. Although NBTI impact
on functional circuits has been extensively studied and various solutions have been
proposed, its impact on the clock tree has not yet been sufficiently examined.
There is little work addressing the clock skew problem considering both the process variations and aging. Clock skew optimization considering aging is usually conducted separately, based on the assumption that the timing properties of the clock tree
are already optimized considering process variations. Consequently, margins based on
process variations and aging are added. This will over-pessimistically guardband the
clock signal and lead to excessive performance loss. Furthermore, most research attempts to optimize the clock skew through INC or similar methodologies by balancing
the degradation rates of different clock paths. Therefore, the introduced area and power
consumption of the control circuitry must be carefully considered to avoid large overhead. Meanwhile, it must be ensured that the inter-node-control (INC) schemes do not
expedite the degradation of the slow-degrading paths to make a worst path.
The development of effective solutions for reducing clock skew and compensating
aging effects under process variations remains as a challenge. This thesis focuses on
the clock skew degraded by NBTI and process variations. Its objective is to develop an
effective methodology to reduce clock skew considering NBTI and process variations.

1.3.3

Post-Silicon Monitoring and Calibration for Performance Evaluation

Transistor aging degrades circuit performance and can potentially lead to functional
failure in the field. This has become a major reliability concern, especially as technology
scales to 45nm and below. It is thus necessary to design on-chip structures that can

24
provide accurate aging evaluations without performance penalties.
Many existing dynamic solutions are based on on-chip structures that monitor the
aging of a stand-alone circuit (such as ring-oscillators). However, their major limitations
are that ring-oscillators do not well represent the functional circuits’ structure and
performance, and that replica circuits can only help monitor those selected paths while
leaving all the other paths unconsidered. Meanwhile, other solutions try to monitor the
aging of a functional circuit directly by measuring critical path delay. However, normal
execution of the core under test has to be interrupted during the test, and the memory
requirement on pre-stored patterns is not trivial.

1.3.4

Path-Delay Faults Pattern Generation Considering Process
Variations

Current ATPG techniques rely on timing analysis tools to identify critical paths for generating path-delay fault (PDF) test patterns. However, the model-based conventional
static timing analysis (STA) and statistical static timing analysis (SSTA) tools are not
capable of considering the actual silicon variations. STAs are not capable of considering timing variability caused by process variations, since all physical parameters are
evaluated at nominal values. Different from STA, which models gate or path delay as a
deterministic value, SSTA represents the delay as a probability distribution, represented
by a mean and a variance. However, using SSTA leads to an overpessimistic evaluation
of the delay deviation in all corner cases. Consequently, much performance is left on
the table due to over estimated margin values.
Path-delay fault (PDF) tests exercise the critical paths at-speed to detect whether
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the path is slow because of manufacturing defects or variations. Path delay modeling and
PDF identification are difficult tasks due to process variations, and the corresponding
PDF patterns are, in turn, difficult to generate. This is because actual silicon variations
on dies are not identical to what was modeled at pre-silicon stage.

1.3.5

Path-Delay Fault Pattern Generation Considering Process
Variations and NBTI

Modern circuit’s performance is highly vulnerable to process variations and aging effects. The induced timing uncertainties require an extremely large number of critical paths
to be targeted during manufacturing test as well as in the field for high-reliability applications. Testing all of these critical paths requires a considerable number of path-delay
patterns, and incurs a significant test cost. In this thesis, we propose a methodology
for identifying testable representative paths (TRPs) by carefully analyzing the circuit
topology. TRPs are identified as a very small portion of the critical paths considering
the gate overlap condition, delay degradation due to aging, and process variation perturbation among all the critical paths. The maximum mean delay and variance of the
TRPs closely follow the maximum mean delay and the maximum variance of all the
critical paths at different time points. Testing TRPs requires substantially fewer test
patterns, thus shorter test time.

1.4

Contributions of This Thesis

The following contributions related to reliable integrated circuit designs and tests have
been made by this thesis research.
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1. A comprehensive analysis is provided to highlight the importance of each aging
parameter. An aging-aware path delay analysis flow (namely APD flow) is developed, which is applicable to large-scale industry designs with high accuracy and
computational efficiency.
2. A novel technique is developed to quantitatively evaluate the importance of the
gates on critical reliability paths based on their contribution to circuit degradation. Gate-sizing methods used on this minimum number of important gates
can effectively compensate circuit aging for the expense of low area and power
overhead.
3. A novel methodology is developed to accurately evaluate aging on the chip, named
as representative critical reliability paths (RCRPs). RCRPs are synthesized as a
stand-alone circuit to represent the functional circuit aging in the field.
4. A novel silicon-variation-aware (SVA) PDF pattern generation flow is proposed.
In SVA, critical paths are ranked for their ability to detect PDFs under the impact
of actual silicon variations. SVA results in the generation of fewer critical paths,
hence fewer PDF patterns, to verify circuit performance.
5. A novel methodology is developed for identifying testable representative paths
(TRPs) for the path delay tests in order to reduce PDF patterns and save test
cost and time.
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1.5

Thesis Outline
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Chapter 2

Aging Analysis and Compensation

2.1

Introduction

Circuit reliability and performance [38] [39] are crucial issues affected by various manufacturing variabilities and runtime perturbations. The aggressive scaling of technology
into ultra deep-submicron regime (≤45nm) excessively worsen the degradation of circuit
performance, due to several aging effects, which deviate the transistor parameters from
design specifications, and may eventually fail the circuit. NBTI and HCI are widely
recognized as the most significant and challenging concerns. NBTI [9] [10] [18] [25] occurs when traps are accumulated on the boundary of Si−SiO2 interface, which usually
happens when POS is reversely biased, i.e., Vgs = −Vdd . NBTI increases the absolute
value of the POS threshold voltage |Vthp |, and results in the long time kickbacks such as
POS transistor driven current Id loss and gate slow-down. HCI [8] [15] [33] is another
serious reliability concern. Drain-source electrical field accelerates the charge carriers to
reach a high kinetic energy, which enables the avalanche of secondary carriers through
impact ionization. The process consequently creates traps at the gate dielectric/silicon
substrate interface. HCI was considered less dominant in the past. However as tech-
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nology further scales down, HCI also degrades device parameters considerably, and its
impact is no longer negligible [8]. In view of the fact that aging-induced degradation is
an urgent threat to circuit reliability and performance, accurate timing analysis must
embody their impacts carefully.
Currently, there are three major commercially reliability analysis tools developed
to analyze the aging impact, namely, HSPICE MOSRA from Synopsys [34], RelXpert
from Cadence [35], and Elder from Mentor Graphics [36]. Their simulation process
can be divided into two phases: (i) pre-stress simulation phase, and (ii) post-stress
simulation phase. First, the transistors in the target circuit are stressed according to
circuit aging sensitive information (e.g., temperature, stress time, capacitive load, stress
signal probabilities); Second, the delay and degradation information are regressively
calculated by using the built-in stress models. However these low-level simulators are
extremely time-consuming if applied to circuits with more than thousands of transistors.
The major reason is that the intrinsic regressive calculation process is conducted by using
the embedded models when an aging analysis is performed to achieve high accuracy.
Thus, even though they automate the analysis process and are usually regarded as golden
standards for reliability analysis at transistor and gate level, they are not applicable
to large-scale circuits considering computational efficiency. It would be infeasible to
analyze large industry designs for its gate-by-gate simulation using Spice on each design.
To facilitate the reliability analysis process, different efforts and research have
been devoted to model development. For example, several transistor-level models [11]
[41] [16] [26] [32] were proposed in order to carry out a quick timing analysis with
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considerable accuracy. These models are developed from the numerical solution of the
standard reaction diffusion (R-D) model [82] [84], which is generally used to interpret
most of the reliability mechanisms, especially NBTI and HCI. Recent research reveals
that the charge trapping-detrapping process [17] may be the cause of NBTI effect instead. However, this theory has not been fully proven. Further, the overall behavior is
similar to R-D model. Thus, in our methodology, we conservatively adopt R-D model in further developing the mathematical model. On one hand, these transistor-level
models are still effective in low levels thus will be very time-consuming if applied to
analyze large circuits considering excessive number of transistors. On the other hand,
considering the circuit complexity, approximation-induced error reduces their accuracy within a short-range in the aging parameter space, which is multi-dimensional and
correlated. Here, we use the terminology short-/long-range to compare the Euclidian
distance between two aging conditions in the aging parameter space. Additionally, it
is indeed very critical to differentiate delay and degradation corresponding to different
input instances. Many mathematical models do not do such, since they [11] [41] [16]
[26] [32] formulate the delay and degradation as simple functions of one threshold voltage value and other aging-related parameters, by derivation and approximation from
transistor-level to circuit-level using different models. To obtain better accuracy, it is
required to differentiate the input instances. However, a comprehensive aging analysis
has to be conducted via time-consuming simulations using the reliability tools.
In summary, the models and tools are either inaccurate or extremely time-consuming
at circuit-level for long-range aging simulation or considering all the aging parameters

31
comprehensively. This is because NBTI and HCI are complex effects and tightly related
to several parameters including temperature, slew rate, stress time, signal stress probability, capacitive load, and switching activities [11]- [20]. These parameters are not
spatially and temporally uniform or uncorrelated, and vary significantly from gate to
gate, design to design, and time to time due to the circuit functionalities and topologies.
To obtain an accurate aging degradation, a comprehensive analysis of the impact from
all of the parameters directly on circuit is necessary to avoid a pessimistic estimation.
Since most models are empirical, the model derivation procedure limits the effectiveness
within a small range regarding Euclidian distance around the known initial condition
in the parameter space. As a result, models are inaccurate if any aging parameter is
neglected, or they lose accuracy if the aging analysis using the models over a long-range
even all the parameters are considered. For example, the authors in [31] described
the time-dependent threshold Vth as a function of geometrical (e.g. channel length L),
environmental (e.g. temperature T ) and process-related (e.g. threshold voltage Vth0 )
parameters, but neglected the importance of other parameters, such as input slew rate
and output capacitive load. In [19] [20], the pull-up/-down network of each gate is
equalized as one PMOS/NMOS transistor. Their model inevitably light-weighed the
importance of off-path signal stress, which is attracting increasing attention recently for
its same importance as on-path signal stress. [21] [27] [28] highlighted the role of offpath signal stress and proposed a signal probability (SP)-based method to characterize
the delay of each standard gate in the cell library. Their method lacks the coverage of
capacitive load information for aging analysis. The cone structure in the circuit leads to
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dramatic difference in capacitive load for each gate due to fan-out/-in and connection,
while it is one of the dominant parameters for delay and aging analysis. The authors
in [3] investigated the impact of capacitive load, slew rate, and some other parameters,
but failed to differentiate the importance of on-/off-path signal stress.
Meanwhile, adaptive control schemes usually introduce excessive area and power
overhead, as they have to keep monitoring a large number of paths and gates for performance evaluation. A gate sizing technique was proposed in [27] to identify critical
gates defined as the gates that age the most in the circuit. We shift our focus toward
the identification and quantification of critical-reliability gates (CRGs), defined as the
minimum number of “important” gates contributing to degradation of critical-reliability
paths (CRPs), i.e., paths that are sensitive to aging and could potentially become critical in the field. By identifying CRPs and CRGs, aging compensation can be achieved
with a minimal area and power overhead. As will be elaborated further in later sections, CRGs can be flexibly identified according to different workload scenarios, e.g.,
worst-case or actual workload conditions, which makes this technique easily compatible
with conventional industry design practices.
This chapter first comprehensively investigates the impact of different parameters on critical path aging. Critical paths extracted from several benchmark circuits
are simulated to demonstrate different aging analysis considering all the aging related
parameters: input workload, temperature, input slew rate, on-/off-path signal stress
probability, stress time and capacitive load. On the basis of these analysis, we propose an aging-aware path delay analysis flow (namely APD flow), which is applicable
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to large-scale industry designs with high accuracy and computational efficiency. The
specific contributions include:
1. A comprehensive analysis of the two major aging effects (NBTI and HCI). Besides
analysis of the well-studied parameters (temperature, on-path stress probability,
and stress time), we further investigate (i) the impact of various workloads on
circuit primary inputs and (ii) the degradation of output slew rate due to agingeffects according to different input slew rate. and (iii) the impact of gate overlap
on critical-reliability path degradation.
2. A fast and accurate aging-aware path delay (APD) analysis flow. It serves as a
generic platform to incorporate NBTI and HCI into conventional industry static
timing analysis (STA) flow and predict the degradation of circuit performance
under various operating conditions. In the APD flow, analytical models are developed to approximate the path/gate delay and degradation based on extracted
aging-sensitive information by referring to a pre-generated look-up table (LUT).
The LUT is a database storing the delay and degradation information corresponding to different aging conditions, each of which incorporates all the aging related
parameters. APD facilitates both short-range and long-range aging prediction.
Consequently, our flow is scalable, i.e., it is capable of handling large-scale industry circuits ensuring high accuracy. It is also applicable to worst-case or actual
workload degradation analysis.
Taking advantage of the accurate aging analysis using APD flow, we further make
the following contributions:
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1. We develop an efficient aging-aware timing analysis flow to identify the CRPs in
the circuit given different workloads. Rather than analyzing critical path (CP)
set, which is extremely large in modern designs, we focus on selection of CRPs
from CPs (CRP set is substantially smaller than CP set) to considerably reduce
the computational complexity of the proposed CRG selection flow.
2. We develop a technique to quantitatively evaluate the importance of the CRGs
based on their contribution to CRPs’ degradation. Here, we develop a new metric
to evaluate a gate’s importance to circuit CRPs degradation making our proposed
technique different from the previous ones that attempt to identify the gates with
maximum aging. Our results demonstrate that the most essential gates in the
circuit are not necessarily the gates that have aged the most.
3. Lastly, we develop a novel algorithm to identify the minimum number of CRGs
in the circuit for sizing to ensure that performance degradation of CRPs will not
cause any failure in the field.
The rest of the chapter is organized as follows. Section 2.2 presents the analysis
of critical-reliability paths. In Sections 2.3, the aging-aware models are analyzed. Section 2.4 presents the details of APD flow. The details of CRP and CRG identification is
presented in Section 2.5. Section 2.6 presents all the results. This chapter is summarized
in Section 2.7.
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2.2

Critical-Reliability Paths Analysis

In this section, the impact from different parameters on reliability at circuit-level are rigorously investigated in simulations to elaborate their importance to aging, namely input
workload, temperature, input slew rate, on-/off-path signal stress probability, switching
activity, stress time and output capacitive load. For each simulation, the circuit under analysis is processed through several steps by using commercial ASIC design tools:
synthesis, DFT insertion, capacitance extraction, and critical paths extraction. These
steps are carefully conducted to assess the circuit aging condition based on the circuit
connection and topology. The details about each step will be presented in Section 2.4.
Although our experimental results are collected from Synopsys HSPICE MOSRA simulation, all other reliability analysis tools [35] [36] can be used in the proposed flow. For
each simulation, we only need to specify the input workload for RTL simulation. Once
it is specified, the corresponding stress probability can be extracted using our in-house
procedure. Other circuit information can actually be extracted from the netlist, such
as capacitive load. The extracted critical paths are first stressed under such extracted
circuit conditions considering workload, capacitive load, stress probabilities, switching
activity, temperature, and stress time to obtain the aged transistor information. Then
the gates in the paths under analysis are updated with this information for delay and
degradation calculation. This is conducted with the slew rate propagating through the
path. Note that the stress condition for generation of transistors aging information
is extracted under a specified workload condition of the paths (and each gate) in the
circuit. This step of extracting sensitive information is important for reconstructing the
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actual stress condition for each gate, and is a necessity for revealing the exact aging
degradation.
Simulations are performed to evaluate the role of off-path stress probability in aging of transistors. Circuit switching activity information is collected using our in-house
VCS-VPI procedure. Based on the switching activity information, equivalent rectangular signals [11] are generated to reconstruct both on- and off-path stress signals. Also,
other aging-related information is collected using different tools and used to retrieve the
exact aging condition for each gate on the paths under analysis.
Simulation results on benchmark circuit s9234 are presented to demonstrate that
the off-path signal probabilities can change the “criticality” of a path. Top ten critical
paths extracted from the benchmark circuit is simulated under six different scenarios:
• NBTI only with/without off-path signal stress;
• HCI only with/without off-path signal stress;
• NBTI + HCI with/without off-path signal stress.
The results are shown in Figure 2.1, where the numbers in black listed vertically
in right indicate the “path rank” at different stress time point from the longest to the
shortest, where t0 = 0 s, t1 = 1.5E + 8 s, and t2 = 3.0E + 8 s. Figure 2.1 essentially
indicates that different paths age at different rate during the circuit’s lifetime operation.
In addition, off-path signal stress changes the rank of critical paths dramatically, i.e.,
one path initially less (more) critical may become more (less) critical compared with
other paths when considering off-path signal stress. As shown in Figure 2.1(d), where
only NBTI is considered without off-path signal probability (SP), the paths are ranked
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Fig. 2.1: Aging analysis considering off-path SP, on-path SP (all SPs are obtained
from Monte Carlo simulation by using our VCS-VPI tool (discussed later in
Figure 2.3)), Temperature=125o C.
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as (9, 5, 1, 8, 3, 10, 4, 6, 2, 7) at time 0. In other words, path 9 initially has the largest
delay, while path 7 has the smallest delay. Because of NBTI effect, at time 1.5E + 8
seconds, the paths are re-ranked as (9, 5, 1, 8, 3, 4, 10, 6, 2, 7). When stress time increases
to 3.0E + 8 seconds, the paths ranking is (9, 5, 1, 8, 3, 4, 10, 6, 2, 7). However when we
consider off-path SPs (Figure 2.1(c)), the rank becomes (1, 5, 10, 3, 4, 2, 9, 8, 7, 6) at time
1.5E + 8 seconds and (1, 10, 5, 3, 4, 2, 8, 9, 7, 6) at time 3.0E + 8 seconds, respectively. As
seen, Path 9 has become less critical due to impact of off-path SP. Such path crossover
phenomena also happens for HCI alone (the crossover may not happen as frequently
as under NBTI and NBTI + HCI) and both HCI and NBTI aging effects. Similar
argument can be made for Path 10 when considering NBTI + HCI with/without offpath SP (Figures 2.1(a) and 2.1(b)). Path 10 becomes more critical when off-path SPs
are considered. In Figures 2.1(a), 2.1(c), and 2.1(e), we can see that both NBTI and
HCI effects individually cause critical paths crossover. However, NBTI + HCI makes
the crossover much more frequent. In addition, HCI effect cannot be simply thought of
as a shift to the NBTI effect when considering them together. As a summary, our results
for this benchmark show that without off-path SPs, the path delay would experience a
maximum of 7% inaccuracy.
Second, the benchmark circuit ISCAS’89 s38417 is repeatedly simulated with
three different workloads (W L) (0.25, 0.50, 0.75). The results are displayed in Figure 2.2. Here, W L = 0.25 means that a large number of random functional patterns
are generated with a probability of 25% for 00 s and 75% for 10 s. 0.5 and 0.75 workloads
are generated similarly. As we can see:

39
x 10

Max: 4.5803E-09
Path 10, WL=0.50

−9

4.6

Max: 4.3739E-09
Path 4, WL=0.75

Delay (s)

4.4
4.2

Min: 4.2356E-09
Path 11, WL=0.75

4

Min: 4.0451E-09
Path 11, WL=0.25

3.8
0

0.6

1.2

Red: workload = 0.25
Blue: workload = 0.50
Green: workload = 0.75
1.8

Stress Time (s)

2.4

3
8
x 10

Fig. 2.2: Analyzing aging effects on paths delay considering different W Ls.

1. At t = 0.6E + 8, the longest path is Path 4 with W L = 0.75, while the shortest
path is Path 4 with W L = 0.25;
2. At t = 2.4E + 8, the longest path is Path 10 with W L = 0.5, while the shortest
path is Path 11 with W L = 0.75.
The results clearly demonstrate that aging effects can complicate timing analysis considering workload conditions. The results also indicate the incapability of just
using a single mathematical model to perform thorough aging-aware timing analysis
for large-scale industry circuits. The major reason is that the “criticality” of paths
change dramatically under different circuit workload conditions. In practice, power saving mechanisms (clock gating, power switching, and standby mode) further complicate
the paths workload condition and change the degradation rate of each path.
In summary, this study demonstrates that path delay analysis considering all
parameters is a complex task. Aging effects make the timing analysis more difficult and
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that timing analysis for time 0 alone is simply inadequate, i.e., static timing analysis
based on conventional timing analysis tools is no longer accurate considering workload,
off-path SPs, slew rate and all other aging related circuit parameters. Path-based aging
simulation will be comprehensive only if a large number of critical paths are considered.
However, existing circuit-level reliability analysis tools are extremely time consuming.
For instance, to analyze a short critical path from a small circuit, HSPICE MOSRA takes
about 7 minutes to obtain the 10 years degradation results. It is practically impossible
to rely on conventional reliability analysis tools for large-scale industry designs which
require both high accuracy and low CPU runtime. Finally, knowing the rank of paths
at different time points would help designers perform a more efficient guardbanding.

2.3

Aging-Aware Models and Analysis

In this section, gate-level mathematical models are further enhanced to facilitate the
prediction of degradation considering complex conditions. It also enables our practical
critical-reliability paths analysis flow (details in Section 2.4 ), which is compatible to
conventional industry design flow.

2.3.1

Gate Delay Models Considering NBTI and HCI

Reaction-Diffusion model (R-D) [40] is widely used to calculate the threshold voltage
shift due to NBTI and HCI effects. The drift in Vth by NBTI is formulated as [41]:
∆Vth N BT I = AN BT I0 × tox ×
×e

(

Vdd −Vth0
)
tox E0

p
Cox (Vdd − Vth0 )

× (e−

Ea
k

1

0.25
) T × tstress

(2.1)
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where tstress is the effective stress time, tox is the oxide thickness, and Cox is the gate
capacitance per unit area. Eo , Ea and k are technology-dependent constants. AN BT I0 is
a constant that depends on the aging rate. If we use t to represents the whole functional
time and pt (p is the probability that the transistor is under stress, namely pt = tstress )
to represent the effective stress time, the equation can be reformulated as a function of
signal probability p:
1

∆Vth N BT I = A1 × B1T × (pt)0.25

(2.2)

where:
A1 = AN BT I0 × tox ×
(

×e
B1 = e−

p
Cox (Vdd − Vth0 )

Vdd −Vth0
)
tox E0

Ea
k

Similarly, R-D model formulates the voltage threshold increase by HCI as [56]:
∆Vth HCI = AHCI0 × α × f × e

(

Vdd −Vth0
)
tox E1

× t0.5

(2.3)

where t is time, and α and f are the activity factor and the frequency, respectively. tox is
the oxide thickness, and E1 is a technology-dependent constant. AHCI is a constant that
depends on the aging rate. Here, α × f actually represents the effective switching count
n (= α × f ) in one clock cycle. HCI induced aging also depends on temperature T , but
there is no analytical closed-form between ∆Vth HCI and temperature. Experimental
results from [42] show that Vth HCI has a piecewise linear relationship with T . Thus,
we can reformulate Equation (2.3) as:
∆Vth HCI = A2 × T × n × t0.5

(2.4)
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where:
AHCI0 × α × f × e
A2 =
T

(

Vdd −Vth0
)
tox E1

Alpha-power law [85] provides the analytical model between Vth and delay at
gate-level as:
Di =

Ci Vdd
βi [Vdd − (Vth0 + ∆Vthi )]γ

(2.5)

where Ci is the effective capacitive load of i-th gate in a path, βi is a parameter depending on the gate size, and Vth0 is the initial threshold voltage without aging. By using
the approximation [86]:
1/(1 − x)α ≈ 1 + α · x (when |x|  1)

(2.6)

Equation (2.5) is further derived to be:
Di = A0 × (1 + B0 ∆Vthi )

(2.7)

where:
A0 =
B0 =

Ci Vdd
βi (Vdd − Vth0 )γ
γ
Vdd − Vth0

Now, if we substitute Equation (2.2) and Equation (2.4) into Equation (2.7)
individually, we can get the delay models for NBTI-induced gate delay and HCI-induced
gate delay as:
1

Di N BT I
Di HCI

= A0 × (1 + B0 · A1 · B1T · (pt)0.25 )

(2.8)

= A0 × (1 + B0 · A2 · T · n · t0.5 )

(2.9)

43
The above equations can be further simplified to be:
1

Di N BT I = AN BT I × (1 + BNT BT I · (pt)0.25 )

(2.10)

Di HCI = AHCI × (1 + BHCI · T · n · t0.5 )

(2.11)

where:

AN BT I

= AHCI = A0 =

BN BT I

= B0T · B1 · AT1
= (

BHCI

Ci Vdd
βi (Vdd − Vth0 )γ

p
Ea
γ
)T × e− k × (AN BT I0 × tox × Cox (Vdd − Vth0 ))T
Vdd − Vth0

= B 0 · A2
=

AHCI0 × α × f × e
γ
×
Vdd − Vth0
T

(

Vdd −Vth0
)
tox E1

The above analysis enables the delay approximation regarding several parameters
considering NBTI and HCI. The authors in [43] proposed a general form to approximate
gate delay based on two additional parameters: input slew rate τ and capacitive load
Ci . The functional form is a two-term posynomial equation:
Di =

2
X

Sk τimk Cink

(2.12)

k=1

where Sj ≥ 0 depends on gate size, mj and nj are constants and do not depend on gate
size.
These proposed gate-level delay models enable the approximation of gate delay
considering different parameter(s) from a known aging condition. The approximation
may introduce errors, but they are virtually negligible as seen from our experimental
results shown in the Section 2.6.
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2.3.2

Library Characterization Considering Aging

These short-range models, presented in Section 2.3.1, are not necessarily efficient for
long-range Euclidian distance in the multi-dimensional parameter space. Based on these
models, an unknown aging condition in the parameter space can be assessed from a currently known condition accurately if the two conditions are very close. Therefore, a
pre-generated look-up table (LUT) can facilitate long-range aging-degradation prediction corresponding to complex conditions, e.g., multiple stress probabilities. The LUT
based on a standard technology library is generated according to discrete values of the
aging related parameters including temperature, signal probability (for NBTI), switching probability (for HCI), slew rate, capacitive load, and stress time using HSPICE
MOSRA (other reliability tools can also be used). The delay and output slew rate are
measured and stored to compose the LUT, which enables the future approximation of
gate delay and degradation according to any of the mentioned parameters rather than
repeating HSPICE MOSRA simulation. We generate the LUT, containing new agingaware library cells, strictly differentiating the input instances. When different inputs
are modeled, we make sure that their stress probabilities are consistent with the actual
circuit (other aging-related parameters are treated in a similar fashion). Different input instance are simulated individually, and results are stored in the LUT. Comparing
with regressive calculation embedded in HSPICE MOSRA, we take advantage of the
discussed mathematical models and use the stored LUT entries as intermediate aging
conditions to effectively approximate any aging information on an unknown condition
from a close and explicit condition which is also stored in the LUT. This procedure
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will save significant computation time, while the accuracy remains high as shown in
our results in Section 2.6. Meanwhile, our flow (in Section 2.4) offers the flexibility
to trade-off the accuracy and computational complexity. For example, based on the
accuracy requirement, smaller granularities for the aging parameters when generating
the LUT will introduce more accuracy but sacrifice more computation time. On the
contrary, larger granularitie for the parameters will highly improve the speed but the
accuracy will decrease.
Equation (2.10) and Equation (2.11) describe the relationship between gate delay
and temperature T , stress time t, stress probability, and switching probability. Considering the impact from NBTI and HCI, AN BT I , BN BT I , AHCI , and BHCI are no longer
constants for time t’s. Meanwhile, at a specific time point, when the aging condition is
known, we can regard them as constants in a close range, which enables interpolation
and extrapolation for delay approximation based on T, t, p and n. Note that for HCI,
the approximation of the parameters T , n, and t can be similarly realized by using the
LUT and Equation (2.11). As clarified in [42], Vth HCI has a piecewise linear relationship with T . We then treat BHCI as a constant when it is updated to a new condition.
This simplification does not negatively impact accuracy as shown in Section 2.6.
To realize the approximation of path delay according to input slew rate τ and
capacitive load C, the whole procedure is divided into two stages.
(1) Pre-calculation for mj and nj where j = 1, 2: By using the LUT information,
we can obtain six delay values based on six combinations of (τ, C) for each gate listed
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as:

Di =

2
X

Sk τimk Cink

(i = 1, ..., 6)

(2.13)

k=1

By solving the equation group, we can get Sj , mj , and nj (j = 1, 2). We only use mj
and nj (j = 1, 2) to update the Equation (2.12), because Sj (j = 1, 2) will not remain
as constant when considering aging effects. This stage needs to be done only once for
each gate in the library.
(2) Delay approximation based on (τ, C): Here, we use a simple example to explain
the delay approximation procedure according to τ or C. We assume a two-input gate under NBTI aging and the aging condition (T, τ, t, C, p1 , p2 ) is known (where T is temperature, t is stress time, C is capacitive load, p1 and p2 are the two signal probabilities for
Pin1 and Pin2 , respectively). We also assume that conditions (T, τ1 = SL1 , t, C, p1 , p2 )
and (T, τ2 = SL2 , t, C, p1 , p2 ) are two entries already generated and stored in the library,
which are the closest conditions to (T, τ, t, C, p1 , p2 ), satisfying SL1 ≤ SL0 ≤ SL2 .
D1 = f (T, SL1 , t, C, p1 , p2 ) and D2 = f (T, SL2 , t, C, p1 , p2 ) are the estimated delays
accordingly. Because (T, t, C, p1 , p2 ) are fixed and Sk (k = 1, 2) are gate-dependent, we
regard that, at this condition (T, t, C, p1 , p2 ), Sk (k = 1, 2) are constants. If we substitute D1 when (T, SL1 , t, C, p1 , p2 ) and D2 when (T, SL2 , t, C, p1 , p2 ) back into Equation
(2.12), we can get the values for Sj because mk , nk (k = 1, 2) are already solved. Thus,
we can calculate the delay for τ = SL0 with all the known values Sk , mk , nk (k = 1, 2)
using Equation (2.12) under temperature T , probabilities (p1 , p2 ), stress time t and
capacitive load C. Similarly, delay approximation for C can be done.
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2.3.3

Output Slew Rate Function Forms

The above models realize the gate delay approximation without need to conduct HSPICE MOSRA simulation. Here, we reiterate the importance of the slew rate propagation when estimating the paths delay. As discussed in above sections, slew rate must
be propagated to achieve an accurate path degradation. Since there is no appropriate analytical models for output slew rate prediction, we use the delay aging ratios to
approximate the output slew rate. Suppose we have one parameter q = q0 and use
the LUT to do the approximation. q can be any one of temperature T , stress time t,
probability p, input slew rate τ or capacitive load C. Assume that in the LUT, there
are only two entries q = q1 and q = q2 with the delay values (D1 , D2 ), and output slew
rates (S1 , S2 ) close to the condition under analysis. If the approximation finalizes the
delay value D0 for q = q0 , the two delay aging ratios are then calculated as:
λ1 = D0 /D1

(2.14)

λ2 = D0 /D2

(2.15)

Thus, we calculate the output slew rate using:

S0 =

S1 · λ1 + S2 · λ2
2

(2.16)

For multiple parameters, the output slew rate is repeatedly approximated when
a new delay approximation is conducted and a new ratio can be calculated.
Obtaining gate delay and output slew rate approximation, we can treat a path
with q gates as a connection of gate primitives. By propagating the slew rate forward,
the j-th path delay Γj (which has q gates connected in sequence) under a specific
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condition can be approximated as:
Γj =

q
X

Di (T, τi , t, Ci , pi,1 , ..., pi,m ) ,

(2.17)

i=0

Note that, for each gate, its input slew rate is propagated from its previous gate.
The slew rate for the first gate in the path can be dynamically controlled according to
delay measurement specification, which, once designated, will be propagated forward.

2.3.4

Accuracy and Efficiency Analysis

Considering the derivation above, the following part mainly interpret the accuracy analysis. Assuming that only NBTI effect is considered, we further assume that stress
probability p and stress time t are unknown, while all the other aging parameters are
already explicit: T = 75o C, τ = 70ps, C = 1.5f f . Thus, in Equation 2.10, AN BT I and
1

BNT BT I become two constants. As from HSPICE simulations conducted on an Inverter
(type : IN V X1) from Nangate standard cell library, we can get the aged delays and
output slew rates corresponding to different aging conditions, listed in Table 2.1.
We now just assume that only aged delays corresponding to Case 1 and Case 5
are known explicitly, and we will take advantage of Equation (2.10) to derive the aged
delay corresponding to Case 3. By substituting aging conditions in Case 1 and Case 5
to Equation (2.10), we can get:
(AN BT I )1 = 6.3178E − 11

(2.18)

1

(BNT BT I )1 = 8.1392E − 04

(2.19)

By substituting these two constant values and the aging condition for Case 3 back
into Equation (2.10), the corresponding aged delay for aging condition in Case 3 can be

0
25
50
75
100

Di2 = 6.7545E − 011 Si2 = 98.802
Di3 = 6.8442E − 011 Si3 = 99.455
Di4 = 6.9286E − 011 Si4 = 100
Di5 = 6.9945E − 011 Si5 = 100.51

Case 2

Case 3

Case 4

Case 5

Other parameters

3.0 × 108

2.4 × 108 Same

1.8 × 108 &

1.2 × 108 Known

0

output slew rate (ps) p (%) t (s)

Di1 = 6.3229E − 011 Si1 = 95.55

Delay (s)

Case 1

Rise Delay Sim.

Table 2.1: Accuracy and efficiency analysis for mathematical models
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calculated as:
(Di N BT I )1 = 6.8186E − 11 (s)

(2.20)

If we take advantage of equations from Equation 2.14 to Equation 2.16, the output
slew rate based on aging condition Case 3 can be calculate as:
(S0 )1 = 100.5116 (ps)

(2.21)

Further, we make another assumption that only aged delays corresponding to
Case 2 and Case 4 are explicit. Compared with Case 1 and Case 5, Case 2 and Case
4 have shorter Euclidian distance from Case 3 in the parameter space. By repeating
the above process, the aged delay and output slew rate corresponding to Case 3 can be
calculated as:
(AN BT I )2 = 6.4464E − 11

(2.22)

1

(BNT BT I )2 = 6.4578E − 04
(Di N BT I )2 = 6.8519E − 11 (s)
(S0 )2 = 99.5599 (ps)

(2.23)
(2.24)
(2.25)

Comparing the aged delays and output slew rates from the above two scenarios
with the HSPICE simulation result as in row 4 in Table 2.1, the errors are concluded
as in Table 2.2.
From Table 2.2, it is obvious that the calculation error for aged delay (output slew
rate) will be decreased from 0.3754% (1.0622%) to 0.1121% (0.1055%) from Scenario 1
to Scenario 2, among which the previous two conditions are further from the aging condition Case 3 under interest than the later two conditions. The accuracy improvements
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Table 2.2: Error and accuracy comparison
Errors
—
Scenario 1

Scenario 2

Accuracy
Improvement

Delay

0.3754%

0.1121%

3.35X (↑)

Output slew rate

1.0622%

0.1055%

10.07X (↑)

are 3.35X and 10.07X separately. Thus, we can conclude that more intermediate aging conditions available will lead to less calculation errors when using the mathematical
models to derive the aged delay and output slew rate directly at circuit level. The above
example is just based on the calculation of delay and output slew rate for a single gate.
If the mathematical models are adopted to derive the path delay which has multiple
gates on it, the calculation accuracy using the mathematical models will heavily depend
on the available intermediate aging conditions. One cause is that the slew rate has to
be propagated for accuracy consideration, which meanwhile accumulates the calculation errors. As a summary, path delay calculation derived solely from mathematical
models will undoubtedly incur severe errors compared with HSPICE results. However,
our experimental results (detailed in Section 2.6) confirms that HSPICE MOSRA for
aging analysis at circuit level is very time-consuming. Thus, there is a tradeoff between
accuracy and efficiency comparing the two aging analysis methods by using mathematical models and reliability analysis tools. Considering large-scale industry designs, each
of them will be insufficient for actual implementations, since both of the accuracy and
efficiency are necessaries.
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2.4

APD Analysis Flow

In the above section, we theoretically demonstrated the relationship between path delay,
degradation and circuit parameters. However, compared with reliability analysis tools,
these models are effective while lacking accuracy. Reliability tools simulate the delay
and degradation through a regressive process by taking advantage of their intrinsic
mathematical models from transistor level to circuit level. The highly time-consuming
process in turn provides very extraordinary accuracy. To trade off the accuracy and
CPU runtime for degradation analysis, and further enable a novel method applicable
to large-scale industry design, we propose our aging-aware path delay (APD) analysis
flow as shown in Figure 2.3, which includes four steps, each of which can be realized by
using conventional ASIC design tools or our in-house programs. Our APD flow is fast
and accurate compared to reliability tools, e.g., HSPICE MOSRA, making it scalable
to implement on modern industry designs.
• Step 1. Critical Paths Selection: In this step, a commercial Static Timing
Analysis (STA) tool is used to extract a large number of critical paths for aging analysis.
As studied in [45] [46] [47], a critical path could degrade as much as 20% over a period
of ten years of aging. Accordingly, the static timing analysis selects a large number of
paths based on the following criteria: a path is selected as a potential critical path, if
its delay Pi satisfies Tp0i × 120% ≥ Tclk − Tm , where Tp0i is the path delay at time zero,
Tclk is the clock period and Tm is a safe margin (i.e., guardbanding) added to the most
critical path at time zero. The cluster of all potential critical paths is defined as the
potential critical path (PCP) set, in which they initially may not be critical at time

A ging D egradation
( path delay analysis )

S ignal P robability
( S P ) P rofile

S tep 4
Degradation
Calculation

Look -up-T able

H S P IC E MOSRA S im ulation

for each cell considering Load, SP, Temp......

Library C ells

S tep 3
Look- up-T able
G eneration

Fig. 2.3: APD flow including four major steps.

C ritical P aths

functionally valid & testable

M C S im ulation
using V C S -V P I

S tep 2
S ignal P robability
N etlist P rofile G eneration

Verify whether paths are

C ritical P aths

(20 % slack )

PT

Step 1
Critical Paths
Selection
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zero, but may become critical during their lifetime of operation in the field. A path
delay pattern generation procedure is run to identify the testable critical paths, which
further reduces the total number of paths for timing analysis.
• Step 2. Signal Probability Profile Generation: A novel in-house VCS-VPI
procedure has been developed on the platform of Synopsys’ Verilog Simulator, VCS [34],
to efficiently monitor the switching activity of the paths in the circuit under analysis.
This process is extremely fast when compared with the traditional parsing of value
change dump (VCD) file format. The inputs to this program are the target critical paths
and the circuit netlist. Output of the VCS-VPI program is the switching activities for
all the pins on the target critical paths. Based on this switching information, equivalent
stress signals [11] [29] are generated for each pin on the critical paths. This can be
easily performed by generating a large number of patterns, representing workload, to
apply to the circuit and then calculating the switching probability of the target pins.
The calculation can be simply formulated by Equation (2.26).

SP

t1 + t2 + · · · + tn−1 + tn
NT
(t1 + t2 + · · · + tn−1 + tn )/N
= 1−
∈ [0, 1]
T
= 1−

(2.26)

SP represents the average switching that happens in every clock cycle on a pin.
For NBTI, the SP value gives equivalent stress time in one clock cycle, whereas it
represents the probability of a switching in each clock cycle when 0 < SP < 1 for HCI.
Other information can be extracted as well using different tools or programs, such
as 3D parasitics extraction to obtain the capacitive load.
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• Step 3. Look-up Table Generation: A look-up table (LUT ) is generated based on
different conditions namely aging effects (NBTI and HCI), capacitive load, on-path and
off-path stress probability, temperature, slew rates, and time points. This is equivalent
to characterizing a technology library considering aging and generated using HSPICE
MOSRA. Note that any other aging simulation tools [35] [36] can be used in our APD
flow. Generation of such an aging library is done only once for each technology library.
We assume that the on-chip PLL that provides clock frequency is designed with reliable
components with no or negligible aging. However, we believe that our proposed flow can
easily adopt impact of aging on clock tree. When we generate our LUT and create new
aging-aware library cells in HSPICE MOSRA, we ensure that different input instances
are simulated individually, and the results are stored in the LUT.
• Step 4. Degradation Calculation: Using our APD flow, instead of running very
time-consuming HSPICE MOSRA simulation, we can quickly and accurately evaluate
a large number of paths by taking advantage of the presented mathematical models.
The major advantages of our APD analysis flow are:
• Significantly low CPU runtime,
• High accuracy,
• Technology/circuit independence.
Step 3 in APD is the most time consuming step. However, as mentioned earlier,
this step is carried out only once for each technology library.
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2.5

Critical Reliability Path and Critical Reliability Gates Identification

On the basis of APD flow, we further develop the flow for identification and quantification of critical-reliability gates (CRGs), defined as the minimum number of important
gates contributing to degradation of critical-reliability paths (CRPs), i.e., paths that
are sensitive to aging and could potentially become critical in the field. By identifying CRPs and CRGs, aging compensation can be achieved with a minimal area and
power overhead. As will be elaborated further in later sections, CRGs can be flexibly
identified according to different workload scenarios, e.g., worst-case or actual workload
conditions, which makes this technique easily compatible with conventional industry
design practices. Figure 2.4 shows our improved flow for CRP and CRG identification.
The flow includes three major steps: (1) CP Selection, (2) CRP Selection, and (3) CRG
Identification.

2.5.1

CRP Delay Analysis and Selection

CRPs are paths that may violate the timing constraint at some point in the field, that
is, ΓCRPi > Γclk − Γm , where ΓCRPi is the delay of a CRP Pi in the field. For each PCP,
aging information (signal stress probability, capacitive load, and switching activity) can
be obtained using our in-house tools along with existing commercial tools. For example,
the switching activity for gates on the PCPs can be calculated by gate-level simulation
with our developed PLI routines. By collecting the switching information, the equivalent duty ratio for signal stress probability can be calculated for NBTI analysis [11].
Moreover, the switching activity can also be studied for HCI effect.
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Step 2: CRP Selection
Step 1: Critical Paths Selection

Workload
Profile

Circuit Netlist

Workload and
Circuit Information

Static Timing
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Fig. 2.4: CRP and CRG selection flow.

58
Once all the information is obtained, timing analysis is conducted to select the
CRPs from PCPs using the aging-aware delay library. Generation of the aging-aware
delay library is done only once for each technology library. Note that, we assume that
the on-chip PLL that provides clock frequency is designed with reliable components
robust to aging. However, we believe that our proposed flow can easily adopt impact of
aging on clock tree as well. Algorithm 1 shows our proposed aging-aware path timing
analysis procedure. Each path is regarded as a connection of gate primitives. Path
delay Γpi is initialized in Line 1; Lines 2 and 3 specify the temperature and stress time.
Based on the aging condition, every closest condition stored in the aging-aware delay
library is traversed from Lines 6 to 8. Lines 6 to 14 describe that, after being initialized
in Lines 8 and 9, the gate delay and output slew rate can be approximated by using
interpolation and extrapolation according to the delay models described in Section 2.3;
Line 15 accumulates the gate delay for path delay analysis. Line 16 propagates the
output slew rate forward ensuring accurate delay calculation. The process is repeated
for every gate on the path to obtain the path delay as presented from Line 5 to Line 17.
Considering N paths with M gates on average for each, complexity of the algorithm is
O(N × M ).

2.5.2

CRG Identification Technique

In this section, we evaluate the importance of the gates on CRPs based on their contribution to the paths’ performance degradation and their relative impact on the CRPs.
For the illustration purpose, Figure 2.5(a) shows a small circuit to demonstrate the difference between selecting gates with the largest degradation and selection of gates based
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Algorithm 1 Improved Aging-Aware Path Timing Analysis
1: Initialize delay of the i-th path Γpi ← 0
2:

Specify temperature T

3:

Specify stress time t

4:

Specify the 1st gate input slew rate τ0

5:

for (all logic gates index j from 0 to n in i-th path) do

6:

Aging conditions collect for gate Gj :(Cj , pj,1 , ...,pj,m )

7:

Loading aging-aware delay library

8:

Find all close k conditions (Γk , tk , τk , Ck , pk,1 , ...,pk,m )

9:

Initialize temporary delay Dt ← 0

10:

Initialize temporary output slew rate St ← 0

11:

for each close condition (Γk , tk , τk , Ck , pk,1 , ...,pk,m ) do

12:

Data fitting for (Dt , St ) using the mathematical models

13:

end for

14:

Finalize gate Gi approximation: (Dj , Sj ) ← (Dt , St )

15:

Γpi + = Dj

16:

τj+1 = Sj : propagate slew rate to next gate

17:

end for
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on their impact on the paths. Each gate is numbered and the pair shows (d0 and ∆dt ),
where d0 is the gate delay at time zero and ∆dt shows the amount of gate degradation
at time point t in the field. There are 14 paths in total in the circuit as shown in Figure
2.5(b). Also shown is the path delay at time zero (Γt0 ) and time t (Γtt ). The gate and
path lengths are shown using unit delay. The maximum path delay in addition to the
margin (i.e. circuit timing) is set to 16 unit delays.
As seen, at time zero, all paths delay is under the timing budget; however, at
time t, there are four paths (P2, P3, P11, and P12) above the timing budget, which will
cause a failure in the circuit. The objective is to ensure that no path’s timing become
larger than the circuit timing budget. Figure 2.5(c) shows the gates ordered based on
their amount of aging at time t. To simplify the path delay calculation, we assume that
once a gate is sized, it will not experience aging in the field. When selected based on
the largest aging [27], gate G6 is chosen first. As seen in Figure 2.5(d), sizing this gate
will impact paths P1 and P6, which are not the most critical ones. Next, gate G1 is
selected, which reduces delay of paths P2 and P3. Selection of gate G4 will reduce delay
of paths P11 and P12, and finally G9 will further reduce delay of paths P2, P3, P11, and
P12, making all path length under the timing budget of 16 unit delay. However, using
our technique, we will select only gates G9 and G7 to compensate for aging as shown
in the Figure 2.5(d). This clearly shows that the most important gates to compensate
for aging are not necessarily the gates that have aged the most.
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Path
G1 → G3 → G 6 → G 8 → G 11 → Output 1

P2

G1 → G3 → G 7 → G 9 → G 11 → Output 1

P3

G1 → G3 → G 7 → G 9 → G 12 → Output 2

P4

G1 → G3 → G 7 → G10 → G 12 → Output 2

P5

G1 → G3 → G 7 → G10 → G 13 → Output 3

P6

G2 → G3 → G 6 → G 8 → G 11 → Output 1

P7

G2 → G3 → G 7 → G 9 → G 11 → Output 1

P8

G2 → G3 → G 7 → G 9 → G 12 → Output 2

P9

G2 → G3 → G 7 → G10 → G12 → Output 2

P10 G2 → G3 → G 7 → G10 → G 13 → Output 3
P11 G2 → G4 → G5 → G 7 → G 9 → G 11 → Output 1
P12 G2 → G4 → G5 → G 7 → G 9 → G 12 → Output 2
P13 G2 → G4 → G5 → G 7 → G 10 → G 12 → Output

2

P14 G2 → G4 → G 5 → G 7 → G 10 → G 13 → Output
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Fig. 2.5: CRG selection using the concept of importance to CRGs: (a) an illustrative
circuit, (b) paths in the circuit and their timing, (c) order of gate aging at
time t, and (d) the gate selection and sizing to compensate aging.
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minmax

:

F (X)

(2.27)

subject to : ΓCRP − G × X ≤ Γspec
where,
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n×m
Γclk − Γm
n×1


ΓCRP = ΓCRP ΓCRP . . . ΓCRPn
,
1

2


X = x1 x2 . . . xm

1×n


,
1×m

n is the number of CRPs and m is the number of unique gate instances on the
n CRPs. Each row of matrix F and G corresponds to one CRP, while each column
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corresponds to one gate instance of all the non-duplicated gate instances on the CRPs.
ΓCRPi is the i-th CRP’s degraded delay, gi,j is gate degradation of the j-th gate on the
i-th path with a stress time of t. Based on different lifetime timing specifications, gi,j is
obtained from the CRP selection procedure discussed earlier. By solving the optimization problem, xj (j = 1, . . . , m) will be obtained. The larger the xj value is, the more
0

important the j-th gate instance is. X is initialized to be X0 = [0, 0, · · · , 0]1×m to make
all gates equally important at the beginning. After solving the LP optimization problem,
the gates can be ranked according to their x values rather than their degradation values.
By ranking the x values from high to low, each CRP Pi can find the smallest set of gates
Ui whose compensation, once is applied, can make up for the paths degradation over the
lifetime. Assume that Pi has M gates, i.e., G1 , G2 , . . . , GM . Their delay degradations
are gi,1 , gi,2 , . . . , gi,M and corresponding x values are x1 > x2 > . . . > xM , respectively. Assume that the path delay ΓCRPi does not satisfy the timing requirement, i.e.,
ΓCRPi > Γclk − Γm at some time point in the field. There are several methods [24] [21],
including gate sizing, that we can use to compensate for this degradation. For simplicity, we assume that once a gate is chosen for applying compensation on, its degradation
is fully offset to 0 as gi,j = 0. Then, we need to find the critical length li for the Pi to
meet the specification. Note that the critical length li is the minimum number of gates
necessary for aging compensation. As a result, the gate set Ui = (G1 , G2 , . . . , Gli ) out
of UPi (G1 , G2 , . . . , GM ) is the i-th CRG set for Pi . The gate set U =

n
S

Ui is the CRG

i=1

set for the design.
Note that: (1) in the LP constraint function, gi,j represents the degradation for
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gate instance Gj . Thus, by replacing gi,j with the worst-case degradation, our flow
is applicable to worst-case analysis; (2) our method of critical length li calculation
for Pi is based on the assumption that gi,j = 0 once the gate Gj is chosen for applying
compensation. This is essentially assuming that the degradation of gate Gi will decrease
at a scale of gi,j benefiting from the compensation scheme. Thus, by substituting the
value gi,j with an actual compensation value from a different compensation scheme,
the LP optimization method is scalable to any aging compensation schemes for CRG
identification. For example, for compensation using gate sizing, gi,j is calculated in the
following way:

gi,j = Dj (t) − Dsub (t),

(2.28)

where Dj (t) represents the delay of the j-th gate at time t and Dsub (t) represents that
of the new gate. In addition, the gate sizing impact on the previous and next gates
has to be considered as well. For example, when a gate is substituted for a new gate,
its capacitive load has impact on the gate in the previous stage. Increasing gate size
also impacts the output slew rate, which needs to be propagated forward. However this
does not influence the flow of our method where gates are treated as a primitive unit
and paths are treated as connection of gate primitives. Thus, the delay and degradation
approximation can still be obtained from the flow with the capacitive load Cj−1 changed
in previous stage and output slew rate Sj changed in current stage.
To find the most critical gates for each CRP and obtain the entire CRG set U ,
[27] sorts all the gates on the CRPs according to their degradation from high to low as
∗ > g ∗ > . . . > g ∗ . The minimum l∗ gates are found to meet
G∗1 , G∗2 , . . . , G∗M with gi,1
i,2
i
i,M
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∗ + . . . + g∗ ) < Γ
∗
∗
∗
∗
the criterion ΓCRPi − (gi,1
clk − Γm and the li gates (G1 , G2 , . . . , Gl∗ )
i,l∗
i

i

are identified as CRGs for path Pi , and the united set of all the CRGs is the CRG set
U ∗ for the design. In contrast, our LP technique offers several advantages over [27]: (1)
Our flow is extendable to other aging effects beyond NBTI and HCI, (2) Our analysis
of CRGs evaluates not only their own aging degradation, but also their contribution to
CRPs degradation, and (3) Our aging analysis flow also enables the xj to incorporate
the topology-related information, such as capacitive load.

2.6

Results and Analysis

We use the open-source Nangate 45nm standard-cell library to evaluate our proposed
APD analysis flow. Benchmark circuit s38417 from ISCAS’89 family is simulated with
three different input W L values (0.25, 0.5, 0.75). At each W L, each primary input pin
will have a specific input sequence when running RTL simulation. Our in-house VCSVPI program is used to collect the switching information when applying the patterns.
In summary, 20, 000 random input patterns are generated and over 84M switchings
are detected in each simulation run. Top 81 critical paths are extracted and their
simulation results are provided for analysis. For the gates on each path, their intrinsic
stress probabilities, capacitive load considering circuit connection and topology, and
input slew rate are collected.
Tables 2.3–2.5 list the results on three critical paths (T = 125o C) with different
workload values (W L = 0.25, 0.50, 0.75), where the results from APD flow are compared
with those obtained from HSPICE MOSRA simulations. The on-path and off-path SPs
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are obtained from circuit simulation. For all our results, different input instances are
considered as well. For each path in the tables (Paths 1, 2, and 3), the second column
shows the HSPICE simulation results; the third column shows the delay obtained using
our APD flow considering the aging conditions (stress probabilities, capacitive load,
temperature, slew rate, voltage, etc). The relative error Erel compares the degradation
calculated using APD and HSPICE MOSRA over a lifetime degradation value, while
the absolute error Eabs calculates the error when comparing the absolute path delay
difference from the HSPICE MOSRA result. The absolute error Eabs and relative error
Erel are listed in Columns 3 and 4, respectively. For each path. Eabs and Erel are
calculated by:

Eabs =
Erel =

(ΓHSP ICE )ti − (ΓAP D )ti
× 100
(ΓHSP ICE )ti
(ΓHSP ICE )ti − (ΓAP D )ti
× 100
(ΓHSP ICE )tlif etime − (ΓHSP ICE )t0

(2.29)
(2.30)

where (ΓHSP ICE )ti is the path delay from HSPICE simulation for time point ti and
(ΓAP D )ti is the delay from our APD flow. From Tables 2.3 to 2.5, we can see a maximum
of Erel < 4.2% using our APD flow compared to HSPICE MOSRA simulation results.
As discussed, for higher accuracy, one effective solution is to increase the parameter
granularity when generating LUT, i.e., use smaller step-sizes for temperature, time
points, slew rates, etc, which can increase the size of LUT, but still remains significantly
faster than HSPICE MOSRA.
To further verify the accuracy of our flow, the top 81 critical paths from s38417
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Table 2.3: Accuracy analysis for APD compared to HSPICE (T = 125o C, W L = 0.25)
Path 1
Aging Time (s)
HSP ICE (ns) AP D (ns) Eabs (%) Erel (%)
t0 = 0

4.0179

4.0106

0.1817 1.2845

t1 = 0.6E + 8 4.3459

4.3833

0.8606 6.5810

t2 = 1.2E + 8 4.4363

4.4703

0.7664 5.9828

t3 = 1.8E + 8 4.4912

4.5139

0.5054 3.9944

t4 = 2.4E + 8 4.5299

4.5584

0.6292 5.0150

t5 = 3.0E + 8 4.5862

4.5979

0.2551 2.0588

Avg. Err.

—

0.5331 4.1527

Table 2.4: Accuracy analysis for APD compared to HSPICE (T = 125o C, W L = 0.50)
Path 2
Aging Time (s)
HSP ICE (ns) AP D (ns) Eabs (%) Erel (%)
t0 = 0

4.0088

3.9991

0.2420 1.6573

t1 = 0.6E + 8 4.3545

4.3763

0.5006 3.7246

t2 = 1.2E + 8 4.4428

4.4676

0.5582 4.2371

t3 = 1.8E + 8 4.4895

4.5177

0.6281 4.8180

t4 = 2.4E + 8 4.5524

4.5636

0.2460 1.9135

t5 = 3.0E + 8 4.5941

4.6022

0.1763 1.3839

Avg. Err.

—

0.3919 2.9557
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Table 2.5: Accuracy analysis for APD compared to HSPICE (125o C) under different
workload (W L = 0.75)
Path 3
Aging Time (s)
HSP ICE (ns) AP D (ns) Eabs (%) Erel (%)
t0 = 0

4.0131

4.0139

0.0199 0.1384

t1 = 0.6E + 8 4.3584

4.3834

0.5736 4.3260

t2 = 1.2E + 8 4.4452

4.4664

0.4769 3.6685

t3 = 1.8E + 8 4.4993

4.5121

0.2845 2.2149

t4 = 2.4E + 8 4.5351

4.5575

0.4939 3.8761

t5 = 3.0E + 8 4.5910

4.6044

0.2919 2.3187

Avg. Err.

—

0.3568 2.7571

are simulated in HSPICE and estimated with APD flow with three different workloads
(0.25, 0.50, 0.75). The measurements are done at six stress time points from t = 0 to
t = 3.0E + 08 seconds (around 10 years lifetime). For both HSPICE simulation and
our APD flow, the parasitic parameters and signal probabilities are all extracted from
the gate-level circuit and its respective physical design. The correlation between path
delay obtained from HSPICE (x-axis) and APD (y-axis) are shown in Figure 2.6. The
diagonal line corresponds to the highest correlation position. The higher accuracy the
result shows the closer the point is to the red line. Each point represents a critical path.
The results show very high correlation between APD and HSPICE as listed in Tables 2.6.
For the three workloads, the average correlation between HSPICE simulation and APD
is as high as 0.9960.
One important issue in performing timing analysis considering degradation on
large-scale industry designs is the very large number of critical or near critical paths. In
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Fig. 2.6: Correlation analysis for different workloads.
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Table 2.6: Correlation analysis for APD compared to HSPICE (125o C) with different
W Ls
Workload

0.25

0.50

0.75

Correlation

0.9949

0.9966

0.9964

Avg. Corr.

0.9960

our flow as described in Step 1 in Section 2.4, we use a slack value 20% to select the long
paths for further aging analysis, for which CPU runtime may still be an issue. In the
following, we will provide our analysis of overlapping paths. The paths that share large
number of gates will degrade similarly, which means that aging effects may decrease their
delay difference over time. On the contrary, paths with no or little overlap degrade very
differently. The top 20% paths extracted using our flow can be further divided into
different path clusters according to their gate instance overlap. Then degradation and
delay analysis is conducted on several representative paths selected from each cluster.
Note that grouping the paths and selection of the representative paths are beyond the
scope of this research. In our path overlap analysis, we randomly select 100 paths from
the top 20% paths from s38417. Their delays and degradations are obtained using
HSPICE MOSRA. Delay differences at time 0 and 3.0E + 08 seconds are calculated
between each two paths. Meanwhile, the overlap between each two paths is calculated
as well. We define (∆Γij )0 and (∆Γij )t as the delay difference between Path i and Path
j at time 0 and t = 3.0E + 08 seconds. Thus, the crossover CRij between Path i and
Path j can be evaluated using the Signum function as:
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CRij

= sign[(∆Γij )0 ] × [(∆Γij )t ]
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(2.31)

ij 0

where CRij = −1 indicates a crossover between Path i and Path j from time 0 to
3.0E + 08 seconds due to aging degradation. By using Equation 2.31, there are 281
crossovers detected among the selected 100 paths considering 10 years degradation. For
all the path pairs with crossover, we investigate their delay difference and path overlap.
The results are shown in Figure 2.7, where each point corresponds to overlap between
two paths. The x-axis shows the path overlap (in percentage) between each two paths.
The y-axis shows their delay difference at time 0 (blue dot) and time 3.0E + 08 (red
rectangular). From the results, we can see that paths with more overlap (e.g., ≥ 70%)
have smaller delay difference. While paths with less overlap (e.g., ≤ 30%) have larger
delay difference between them. In the mean time, degradation from aging decreases the
delay difference between paths with large overlap.
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Fig. 2.7: Path delay difference and overlap analysis considering degradation due to
aging.

At time 0, the low-overlap paths (e.g., ≤ 30%) have their delay difference in the
range of −23.3ps and +30ps, while the high-overlap paths (e.g., ≥ 70%) have their delay
difference between −13.7ps and +11.7ps. However, after 10 years degradation, the lowoverlap paths delay difference is around −28.5ps and +17.4ps, while the high-overlap
paths delay difference ranges from −8.6ps to +6.7ps. We can see that low-overlap
paths delay deviates significantly over time, while high-overlap paths degrade almost
similarly. This enables the paths clustering method to further reduce the number of
critical-reliability paths for aging analysis.
To ensure the APD flow is practical for large industry designs, one major objective
is to reduce the CPU runtime significantly when compared with HSPICE or any other
reliability simulation tools. Our experiments are run on a 32-bit Windows Desktop with
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Fig. 2.8: Computational complexity comparison between HSPICE MOSRA and APD
flow for different benchmark circuits.

Intel Core 2 Duo CPU 3.00Ghz and 4GB of memory. For one critical path from s38417,
HSPICE simulation for 10 time points takes about 7 minutes while it takes only about
1.75 seconds using APD. Similar results have been observed for all other 81 critical
paths. Further, we compare the computational complexity for aging analysis on a large
number of paths extracted from several benchmark circuits. The results in Figure 2.8
shows the speedup over HSPICE MOSRA. On average, we have observed over 244X
speedup, which ensures that our APD flow is indeed practical for large industry designs.
Specifically, we also calculate the analysis time using HSPICE MOSRA and our
APD flow on a same computer. Averagely, degradation analysis on one path takes
464.86s and 1.91s for HSPICE MOSRA and APD flow separately. Considering our APD
flow, the most time-consuming step is generating the re-characterized aging-aware delay
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Fig. 2.9: Overall computational time comparison between HSPICE MOSRA and APD
flow considering path count.

library LUT, it takes around ≈ 172800s (48 hours). Thus, to compare the computation
efficiency of HSPICE MOSRA and APD on degradation analysis according to path
count, the following equations about overall time needed can be set up:

(T imeoverall )HSP ICE = 464.86 × n (s)

(2.32)

(T imeoverall )AP D = 172800 + 1.91 × n (s)

(2.33)

where n is the path count for degradation analysis. It can be calculated from Equations
(2.32) and (2.33) that when n ≥ 374, APD flow will gain superiority over HSPICE
MOSRA, which is clear in Figure 2.9.
Moreover, our current aging-aware delay library LUT is generated on the same
PC (32-bit Windows Desktop with Intel Core 2 Duo CPU 3.00Ghz and 4GB of memory).
We strongly believe that the generating time will be dramatically reduced if the library
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is re-characterized on a high performance multicore sever with large memory using
multithreading programming techniques. Additionally, the re-characterization of the
library is a one-time work. Once the LUT is generated, all the designs based on the
same library can use it without repeating the re-characterization process. Furthermore,
degradation analysis on a large-scale industry design for actual implementation can
easily incur far more than 374 critical paths for degradation analysis. The last but
not least, our APD flow utilizes conventional ASIC tools, which renders its easy-tointegration into current industry design flow. All these will solidify the superiority of
APD flow over HSPICE MOSRA and mathematical models.
In the following, we evaluate the efficiency of our improve APD flow for CRP
and CRG identification. Results of gate-sizing on the CRGs will also be discussed.
For the first simulation, the CRGs in the benchmark s38417 are identified for different
timing margins (Γm ) over ten years considering NBTI and HCI effects at three workload
scenarios (W L = 0.25, 0.5, and 0.75). The proposed flow is run to find the CRG set
for the s38417 benchmark circuit; gi,j = 0 is still held while deciding the critical length
li for CRP Pi , for simplicity. The results are shown in Figure 2.10, which indicate that
a more stringent timing margin will lead to a larger CRG set. For example, when the
timing margin Γm is equivalent to 10% of the largest delay at time 0 when W L = 0.5,
176 gates are identified as CRG; while at the same WL value, when the timing margin
Γm is equivalent to 5%, 493 gates are identified as CRG.
The two timing margin values 5% and 10% are also used to repeat the simulations
with the stress time changing from 0.6E + 08s (≈ 2 years) to 3.0E + 08s (≈ 10 years).
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Fig. 2.10: Number of CRGs for different timing margins (when T = 75o C, W L = 0.5,
and t = 10 years).

Results in Figure 2.11 indicate that more gates are identified as CRGs when the target
lifetime is longer. Meanwhile, to satisfy the same lifetime specification, a smaller timing
margin leads to more identified CRGs. The results also demonstrate that circuit lifetime
can be extended by only introducing a small area overhead as the minimum gate set
is selected for aging compensation, because resources are efficiently allocated to CRGs
only.
Further simulations are conducted for several benchmark circuits with three timing margin values (2%,7%,12%). The results are shown in Table 2.6. Columns 2 and
3 list the total gate and flip-flop count. Under each timing margin category, the first
and the second columns list the PCPs and CRPs, respectively. The CRGs in the third
column are obtained using our flow. Finally, the fourth column shows the area overhead due to sizing the CRGs. Figures 2.12 and 2.13 demonstrate the effectiveness of our
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Fig. 2.11: Number of CRGs for different stress times (when T = 75o C, W L = 0.5).

CRP and CRG identification. Gate sizing is conducted on the CRGs identified by our
flow. In each figure, at each time point, the number of CRPs and the number of CRGs
identified are presented in the form of CRP/CRG. The horizontal line (in green) is
the timing specification for the design at that time point including the timing margin.
The longer the stress time is, the more CRPs and CRGs are identified, indicating that
a longer lifetime requirement leads to more CRGs. In Figure 2.12, Γm = 5%; while in
Figure 2.13, Γm = 10%. The CRP delays before gate sizing are checked and presented
(in red) above the horizontal line (in green), without exception that their delays violate
the timing specification at different time point. After sizing the CRGs, the CRP delays
are effectively reduced and are below the horizontal line accordingly (in blue). In the figures, the CRP delays before and after gate sizing are not displayed vertically on a same
line at each time point just for demonstration purpose. In Figure 2.14, the stress time
is fixed with a varying Γm , which shows that a stringent timing margin leads to more
CRGs. From the results, we can see that aging compensation on the CRGs can effec-
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Fig. 2.12: CRP delay comparison before/after gate sizing on the CRGs with varying
stress time (when Γm = 5%, W L = 0.5, and T = 75o C).

tively reduce the aging degradation and satisfy the design with the timing specification
for the lifetime operation.
These experimental results demonstrate that circuit performance degradation can
be minimized if early prediction and optimization is conducted during the design stage,
and that circuit aging degradation can be compensated for by focusing on a minimum
set of CRGs. The experimental results also show that we can efficiently identify a small
number of CRPs and CRGs. After identifying the CRGs, other aging compensation
mechanisms can also be utilized more effectively with lower area and power overheads.

2.7

Summary

In this chapter, a comprehensive analysis of impact of different parameters on circuit
aging was proposed. A fast and accurate aging-aware path delay analysis flow was
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proposed as well, which can easily take into account all the circuit parameters. Results
show that APD provides an accuracy with ≤ 5% relative error and ≤ 0.7% absolute
error. The correlation analysis shows a ≥ 0.99 correlation coefficient value on average
between the results from HSPICE MOSRA simulation and APD flow. The CPU runtime
is reduced by more than 244X. This demonstrates that our flow is applicable to modern
circuits to effectively identify the long paths that could potentially become critical in
the field as to help perform better margining before design tape-out. In addition, a new
technique was proposed to quickly identify CRPs and CRGs. Aging compensation can
therefore be focused only on the minimum number of CRGs as they contribute the most
to path delay degradation. The flow is easy to be integrated into conventional industry
IC design flow. Experimental results indicate that our technique is able to identify the
minimum number of CRGs, minimize area overhead for design margining, and ensure
performance throughout its lifetime operation.

Chapter 3

Representative Critical Reliability Paths

3.1

Introduction

As CMOS feature size shrinks down into deep nanometer regime, VLSI circuits are
facing increasing challenge of reliability degradation [38] [48] [49] caused by negative/positive bias temperature instability (NBTI/PBTI), hot carrier injection (HCI)
and time-dependent dielectric breakdown (TDDB) [50], which cause parametric shifts
and eventually device failure. One-time worst-case guardbands at design stage, e.g.,
clock frequency reduction, supply voltage increase, and gate sizing, are traditionally
introduced as a solution. However, they are usually over-pessimistic and inefficient [24].
Although there are many analytical aging models in the literature [41] [56], actual aging
can still considerably deviate from the prediction as workload plays an important role
in circuit aging making performance degradation unpredictable. Thus, it is necessary
to monitor the aging on the chip and react dynamically.
Many existing dynamic solutions are based on on-chip structures that monitor
aging of a stand-alone circuit (such as ring-oscillators). In [54], a digital reliability
monitor measures the frequency of stressed ring-oscillators. The frequency degradation
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is thus detected, which can be used to estimate aging of the functional circuit. [60]
proposed the use of tunable replica circuits containing error-detection scheme to adapt to
variations of aging, voltage, and temperature. These methods offer small area overhead
and do not introduce performance penalty to the functional circuit. However, their
major limitations are that ring-oscillators do not well-represent the functional circuits’
structure and performance, and that replica circuits can only help monitor those selected
paths but leaving all the other paths unconsidered. Yet, workload is another concern
that is hard to predict at design stage and may largely affect the actual aging. Thus,
aging estimation and hence the calibration made accordingly can be rather inaccurate.
Meanwhile, other solutions try to monitor aging of functional circuit directly
by measuring critical path delay. In [52] [53], on-line aging sensors are designed and
integrated into flip-flops on the functional paths. In [52] [53], a time window is generated
to capture late transitions that indicate serious aging and thus can predict failure.
However, only being able to compensate for aging when the degradation is already
serious may be too late for optimal compensation. In [52] [53], aging sensors were
proposed to directly measure path delay and degradation during normal operation.
However, these two sensors require modification on the functional paths, especially the
flip-flops, which the designers are often reluctant to do so. In [51], off-line self-test is
scheduled periodically on selected cores in a multi-core system using test patterns prestored in off-chip nonvolatile memory. However, normal execution of the core under
test has to be interrupted during the test and the memory requirement on pre-stored
patterns is not trivial.
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In this chapter, we propose a novel methodology to accurately evaluate aging on
the chip. Representative Critical Reliability Paths (RCRPs) are synthesized as a standalone circuit to represent the aging of critical reliability paths that are defined as the
paths that can potentially become critical at some time point due to aging in the field.
Both the topology and the workload of the critical reliability paths are captured by the
RCRPs. Thus, by monitoring delay degradation of RCRPs, aging, including recovery
effects (e.g., in sleep mode), of the critical reliability paths in the functional circuit can
be efficiently and accurately evaluated with no impact on the normal operation. The
aging evaluation results can then be exploited to guide calibration. Note that RCRP
is different from “representative critical path” in the literature (e.g., [62] [63]) for postsilicon delay prediction. Rather than trying to accurately estimate as many target paths
as possible only at time zero for manufacturing test, RCRPs aim at always being able
to track the largest delay among the critical reliability paths throughout the lifetime of
operation under aging. This is more important, as only the largest delay determines the
functional speed and correctness and whether performance calibration is needed. Once
aging is evaluated by RCRPs, a dynamic reliability management (DRM) unit such as [55]
can utilize it and make reliability-control decisions accordingly. Adaptive body bias
(ABB) [64] and adaptive supply voltage (ASV) [65] traditionally used for compensating
process variations can be applied to calibrate the circuit performance [23]. Note that
RCRP circuit will not impose any constraint on physical design, will not impact circuits’
performance, and can be placed anywhere in the circuit layout.
The rest of the chapter is organized as follows. Section 3.2 presents the basic
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concept of RCRP and aging evaluation. In Sections 3.3 and 3.4, problem formulation
and RCRP synthesis are presented, respectively. Section 3.5 discusses the simulation
results and Section 3.6 summarizes this chapter.

3.2

Concept of RCRP

We use Figure 3.1 to demonstrate the basic concept of RCRP. The objective is to use
a small number of stand-alone paths to statistically estimate the delay and aging of a
large number of critical reliability paths in the chip. More importantly, the largest delay
among the critical reliability paths at any time point during the entire lifetime can be
accurately estimated from the measurements of these stand-alone paths. Suppose that,
among many functional paths, paths p1 , p2 , and p3 stand out as three critical reliability
paths at different time points, e.g., path p1 has the largest delay from time 0 up to
time t1 , path p2 has the largest delay during [t1 , t2 ], and path p3 becomes the most
critical after time t2 . This phenomenon results from their different aging rates as they
may have different structures (gates, interconnects, load capacitance, etc.) and process
variations, and experience different workloads. As the workload is usually unknown a
prior, it is extremely difficult to predict the circuit aging and criticality at design stage.
We design RCRPs in a way that, unlike many existing on-chip measurement
structures, the circuit structures as well as workload of the critical reliability paths can
be captured by the RCRPs. Similar to functional paths, RCRPs’ delay can be accurately
measured by on-chip structures such as [57] [58] [59], to name a few. As a result, the
largest delay estimated by RCRPs always closely tracks that of the critical reliability
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Fig. 3.1: Demonstration of the RCRP concept.

paths and this enables adaptive calibration methods such as ABB and ASV to be
performed in a timely manner. This is a cost-efficient solution compared with inserting
monitors all over the critical reliability paths, as only a small number of RCRPs need
to be implemented and monitored plus the impact on the critical reliability paths is
minimized.
Note that the difference between the critical reliability paths’ delay and the RCRPs’ estimation at time 0 can be used to adjust the RCRP estimation in future time
points to compensate for the process variations and the impact of interconnects, as these
effects remain the same at time 0 and time t amid aging. Furthermore, the difference
will also be used to update the triggering threshold for performance calibration in the
ASV/ABB controller (implementation of the ASV/ABB controller is beyond the scope
of this chapter). This will be further discussed in Section 3. We acknowledge that
RCRPs cannot capture effects such as crosstalk that critical paths experience but tem-
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perature and power supply noise in the circuit can be taken into account by the RCRPs.
Analyzing the impact of these two effects on RCRPs is part of our future work.

3.3

Problem Formulation

Suppose there are m critical reliability paths, each of which consists of delay segments
from on-path gate input to output plus interconnect to the next gate. If there are totally
n unique segments on these critical reliability paths, we can then use an m × n matrix
P = {p1 , p2 , ..., pm }T to denote the paths, where each row vector pi refers to a specific
path among the group and is in the form of a series of 1s and 0s, indicating whether or
not a specific segment is on the path. For example, if pi = [0, 0, 1, ...], it means segments
1 and 2 are not on path pi while segment 3 is. If the delay of segment j is xj , we can
use a vector X = [x1 , x2 , ..., xn ]T to denote the segments delay. Thus, if the delay of
each path pi is di , delay of the m paths can be expressed as d = [d1 , d2 , ..., dm ]T = P X.
We then try to build r RCRPs based on the m critical reliability paths in P (r <<
m). That is, PR = {p01 , p02 , , p0r }T , where p0j ∈ P . Similarly, the delay measurement of
each RCRP can be expressed in the form of dR = [d01 , d02 , ..., d0r ]T = PR X. Thus, we can
estimate the delay d based on dR . The delay estimation db and estimation error Error
can be calculated respectively as below:
db = P PRT (PR PRT )−1 dR ,

(3.1)

Error = db − d = P [PRT (PR PRT )−1 dR − X]
= P [PRT (PR PRT )−1 PR − I]X

(3.2)

where ()−1 denotes the inverse matrix and I denotes the unit matrix that has ones on
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the main diagonal and zeros elsewhere. For the purpose of accurate aging evaluation,
the objective is to minimize the estimation error at all time points t under various work
conditions (e.g., workload, temperature, etc.) for the given area budget.
We build the RCRPs based on factorization of the path matrix P . Specifically,
after performing singular value decomposition, we can obtain P = U × S × V , where
U and V are n × n and m × m orthogonal matrices, respectively, and S is an n × m
diagonal matrix consisting of the eigenvalues {λi } of P ranked in the descending order,
i.e., λ1 ≥ λ2 ≥ ... ≥ λi ≥ λi+1 ≥ ... ≥ 0. When the r most significant eigenvalues
{λi }ri=1 are chosen, we can use QR decomposition with column pivoting to select the
corresponding row vectors, and in other words, the paths p01 , p02 , ..., p0r , as RCRPs to
represent the original paths in matrix P . This mathematic tool is also used in the
related work [61] [63] and many other applications in signal processing and statistics.
According to [61], the estimation error is bounded by a function of η = 1 −

Pr
P1 λi
λi

[61].

The selected r RCRPs are then implemented as stand-alone circuit and are used to
monitor circuit aging in the field.
Note that, although RCRP synthesis is also based on matrix factorization, RCRP
is different from the representative path method proposed in [63]. [63] is proposed for
post-silicon paths delay prediction at time 0 under process variations. In contrast,
RCRPs aim at capturing the aging effect throughout the lifetime operation due to
runtime workload being unknown at design stage. More importantly, rather than trying
to accurately estimate most target paths, the RCRPs focus more on the capability of
continuously tracking the largest delay among the critical reliability paths as shown in
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Figure 3.1.
Delay measurements on RCRPs are performed at time 0 and at any desired time
point t in the field. Let the estimation error at time 0 and time t be Error|0 and
Error|t , respectively. According to (3.2),
Error|0 = P [PRT (PR PRT )−1 PR − I]X|0 ,

(3.3)

Error|t = P [PRT (PR PRT )−1 PR − I]X|t ,

(3.4)

X|t = A|t X|0 ,

(3.5)

where A|t is a m × m diagonal matrix. Each element on the diagonal ai |t is greater
than 1 indicating the aging of segment i at time t compared with time 0. As discussed
in Section 2, the delay difference between RCRPs estimation and the actual delay of
critical reliability paths at time 0 is used to compensate for the systematic error as a
combined effect of non-ideal matrix factorization (when η < 1), process variations, and
the delay difference between the interconnects in the RCRPs and the counterpart in the
critical reliability paths. This is because the systematic error is not likely change over
time due to aging. After Error|0 is used to compensate for the systematic error, the
adjusted error at time t, i.e., adjError|t , can be calculated as
adjError|t = Error|t − Error|0 ,
= P [PRT (PR PRT )−1 PR − I][A|t − I]X|0 .

(3.6)

Compared with Error|t in (3.4), adjError|t is clearly expected to be smaller as
each diagonal element in matrix [A|t − I] is smaller than 1. For example, if ai |t = 1.2,
which indicates a 20% degradation, ai |t − 1 = 0.2 < 1. Thus, even if the error at time 0
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is relatively large when only a small number of r RCRPs is allowed due to area budget,
adjusted error at time t can be largely reduced.
Note that the above-discussed error compensation method is based on the assumption that delay of the functional paths at time 0, and hence Error|0 , can be measured
during manufacturing test. When only the largest delay is obtained during speed binning process, the adjusted error will not be the same as the ideal form in Equation (3.6).
However, the adjusted error can still be improved for estimating the largest delay among
the critical reliability paths. In this chapter, we assume that only the largest delay is
obtained at time 0 for the error compensation. Thus, no extra constraint is imposed on
the functional path delay measurement, as the major objective of RCRPs is to estimate
the largest delay on the chip.
In summary, the problem of building r RCRPs for reliability monitoring can
therefore be modeled as finding the optimal r with area budget to minimize the mean
square error (MSE) of adjusted error, especially for the largest delay, under various
workload, temperature, and at different time t. That is:

Minimize: M SE(adjError|t ),

(3.7)

∀pi , t, workload, temperature,
Subject to: AreaRCRP ≤ Areabudget .

3.4

(3.8)

RCRP Synthesis

The RCRPs’ synthesis flow shown in Algorithm 2 can be performed to synthesize the
RCRPs according to (3.7) and (3.8). The complexity mainly comes from the aging-
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aware delay analysis in line 11, the singular value decomposition in line 4, and the
QR-decomposition in line 6.
As Spice simulation is extremely time-consuming, we developed an in-house tool
for aging-aware path delay analysis at design time. This tool generates a lookup-table
(LUT) to store delay degradation information for each gate type of a standard cell under
various operation conditions. Thus, time-consuming Spice simulation is only run once
for a given technology library. The LUT is then reused to quickly calculate path delay
under aging. As a result, the tool provides greater than 200X speedup compared to
HSPICE and still maintains a high accuracy of over 99%.
Complexity of the singular value decomposition for matrix Pm×n is O(mn2 ) (if
m > n) and complexity of the QR-decomposition on matrix Ur is O(r3 ). In the proposed
method, we do not try to accurately estimate delay for all the paths but instead focus
on tracking the largest delay. Thus, r can be a very small number, i.e., r << m, n.
Therefore, the complexity of the singular value decomposition is the dominant factor in
the algorithm’s complexity, especially for industrial designs that have a huge number of
critical reliability paths.
To reduce the computational overhead for a large pool of critical reliability paths,
we use the “divide-and-conquer” approach. First, we divide the m critical reliability
paths into g groups, each of which has m/g paths. Second, we apply singular value
(i)

decomposition and obtain the intermediate RCRPs PR for each group i. Last, we
update the matrix P with the intermediate RCRPs and again apply the above flow
with η = 0 to ensure that no additional error is introduced. Thus, the complexity of
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Algorithm 2 RCRPs synthesis flow.
1: Input: P , Areabudget
2:

Output: r, PR

3:

Initialize r to a small value

4:

while AreaRCRP ≤ Areabudget do

5:

Singular value decomposition: [U, S, V ] = svd(P )

6:

Use the first r columns in U to form Ur = U (:, 1 : r)

7:

QR-decomposition, i.e., [Q, R, K] = qr(Ur )

8:

Pn = K T P

9:

Use the first r rows in Pn to form PR = Pn (1 : r, :)

10:

Synthesize RCRPs according to PR

11:

Obtain AreaRCRP

12:

Perform aging-aware delay analysis to evaluate M SE(adjError|t ) and
adjError|t

13:
14:
15:
16:
17:

if either M SE(adjError|t ) or adjError|t gets improved then
r =r+1
else
Break out of the while loop
end if

18:

end while

19:

Return the optimal r and PR for eventual RCRPs
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Fig. 3.2: Implementation of an RCRP.

2
2
singular value decomposition reduces from O(mn2 ) to O(n( m
g ) g) = O(nm /g). The

larger g is, the smaller the complexity will be. It is noteworthy that no matter how
(i)

many groups are formed and what the intermediate PR s look like, the delay estimation
is only determined by PR of the eventual RCRPs’ matrix.
Once the eventual PR is obtained, RCRPs can be implemented. The basic implementation is shown in Figure 3.2 for demonstration. Suppose RCRP p0i is built based
on critical reliability path pj . Firstly, segments of pj are duplicated in RCRP p0i to
represent the circuit structure of the pj . Secondly, workload of important segments
(importance is determined at design stage according to their contribution to the circuit
overall reliability) can be selectively extracted, so that the stand-alone RCRP p0i can
share the same workload that path pj is experiencing in the field. Minimum-sized buffers
are used to minimize capacitive load effect on the path pj . Workload of relatively less
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important segments is obtained directly from its previous segment on p0i . Scan flip-flops
are used at the beginning and end of the RCRPs to ensure their testability at time 0.
To determine whether to sample actual workload for a specific segment, we count
among how many functional paths (S) it is shared and set a threshold value ST H . If
S ≥ ST H , this segment is likely to be important, as its aging affects many critical
reliability paths at the same time. Thus, actual workload can be extracted for RCRP
as shown in Figure 3.2. Otherwise, workload is not extracted for complexity and area
overhead consideration. Note that to avoid impact on the most critical reliability paths,
selective workload is only indirectly sampled from non-critical reliability paths that
share the workload of the important segment. Also note that, as supported by our
results shown in Section 5, the selective workload sampling is not always necessary for
every circuit especially if the simulation and analysis indicates so in the design stage. In
such cases, a signal with duty ratio of, for example, 0.5, can be applied to the on-path
input of the first segment, which will be propagated through the RCRPs. This can give
the RCRPs a reasonable workload to mimic the actual workload that the functional
circuit is experiencing.
Non-controlling values are applied to off-path inputs to simplify workload controlling for the RCRPs. This also provides an additional benefit in that the worst-case bias
temperature instability (BTI) stress is applied to the off-path inputs. For example, as
shown in Figure 3.3, a 0 (1) for NOR-gate (NAND-gate) provides the worst-case NBTI
(PBTI) stress on the POS transistor M2 (NMOS transistor M40 ) for the off-path pin
B, which then exacerbates performance degradation of this NOR-gate (NAND-gate) on
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Fig. 3.3: Off-path workload analysis.

top of the contribution from on-path pin. This gives a relatively conservative estimation
on the largest delay among the critical reliability paths as a result. It is noteworthy
that, although a 1 (0) for NAND-gate (NOR-gate) gives the minimum NBTI (PBTI)
stress on the POS transistor M20 (NMOS transistor M4 ) for the off-path pin, M20 (M4 )
does not affect the propagation delay from input A to output Zn .
As shown in Figure 3.2, MUXes are inserted for the segments that have selective
workload sampling to provide three modes of operations: (i) Stress mode (ME=0 and
CE=0), where RCRP pj is stressed under similar workload that functional path p0i is
experiencing; (ii) Measurement mode (ME=1 and CE=0), where rise/fall transitions
are applied at the input of pj so that the delay of this RCRP can be measured; and (iii)
Calibration mode (ME=1 and CE=1), where transitions are applied and delay of the
MUXes can be obtained. Based on delay measurements in (ii) and (iii), delay of RCRP
pj can then be accurately measured, thereby aging of all the critical reliability paths
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can be estimated according to Equation (3.1).

3.5

Results and Analysis

In this section, we evaluate the effectiveness of the proposed method. The simulation is
performed on 45-nm technology using the open-source Nangate library [66]. Aging-aware
LUT is used to save time for HSPICE simulation [34]. Several ISCAS’89 benchmark
circuits are used in the experiments.
The optimal RCRPs are generated using the method discussed in Section 4 according to the area budget. We first constrain the area overhead of RCRPs to be 1%
of the design and will later use different area overhead constraints to see the impact
as well. Different workload scenarios and temperatures are applied. Note that process
variations, crosstalk, and power supply noise are not included in the simulations in order to focus on the aging variations. However, as discussed earlier, time 0 measurement
can largely compensate for process variations and impact of interconnects. Besides,
a design margin can be introduced to account for other effects that RCRPs may not
capture. Thus, we use the mean square error (MSE) and the adjusted error to evaluate
the accuracy of the RCRP-based aging evaluation method. MSE is calculated over all
the critical reliability paths, time points of measurement in a 10-year span, and various
temperature and workload conditions, while the adjusted error is obtained by comparing
the actual largest delay among the critical reliability paths with the RCRPs’ estimation
that is adjusted using the time 0 measurement results.
We implement RCRPs for five ISCAS benchmark circuits s5378, s9234, s13207,
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s15850, and s38417. Different workload and temperature scenarios are generated for
each benchmark circuit. Specifically, workload (W L) = 25%, 50%, and 75% are generated as three different workload scenarios, where the value of W L is defined as the
percentage of being 1 at the primary inputs of the circuits. Two different temperature
settings are 75o C and 125o C. The goal is that the RCRPs should accurately represent
the aging of the critical reliability paths under any workload and at any temperature.
RCRPs along with the functional circuit are aged for 10 years and measurements are
taken for the RCRPs every 2 years (ti = 0, 2, 4, 6, 8, and 10 years). Note that any other
measurement time step can also be considered. The CPU runtime for building and evaluating RCRPs on these benchmark circuits ranges from a couple of minutes to about
50−60 minutes (for s38417) on a Windows computer equipped with a 2-GHz dual-core
processor.
We first disable the selective workload sampling described in Section 4 and look
at the adjusted error adjError|t and MSE at different time points for each benchmark
circuits’ RCRPs. In the basic setting, maximum area budget for the RCRPs is only
allowed to be 1% of the entire circuit.
Table 3.1 shows the area overhead and estimation accuracy for RCRPs in the 5
selected benchmark circuits. m in Column 2 shows the number of critical reliability
paths in the benchmarks. They are obtained by selecting paths whose delay if degraded
by 20% during the course of aging could possibly become the largest delay (as path
delay could degrade as much as 20% over a period of ten years [38] [45]). The optimal r
obtained for RCRPs using the flow in Algorithm 2 is listed in Column 3. The resulting
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Table 3.1: Area overhead and estimation accuracy of RCRPs when Areabudget = 1%.
Circuit

m

r

Gate

Area

Cnt.

O/H (%)

MSE

Range of
adjError (%)

s5378

14

1

16

0.6

1.1E-19

-2.0 ∼ 0

s9234

459

1

16

0.7

1.9E-18

0 ∼ 7.0

s13207

28

1

21

0.6

2.6E-19

0 ∼ 4.0

s15850

962

2

55

0.7

1.9E-18

0 ∼ 3.4

s38417

4726

7

116

0.8

5.5E-18

-0.5 ∼ 0.4

gate count and area overhead are shown in Columns 4-5, respectively. MSE and the
percentage range of adjusted error for the largest delay are then calculated and listed
in Columns 6-7.
As can be observed in Table 3.1, the estimation accuracy of RCRPs is not equal
for different designs. RCRPs for smaller designs tend to have larger estimation errors
due to the 1% area constraint. For example, in circuits s5378, s9234, and s13207, the
tight area constraint only allows a maximum r of 1. In other words, only one RCRP
can be implemented to represent all the m critical reliability paths. This largely limits
the effectiveness of the proposed method. However, even in the worst case of s9234,
the adjusted error is within 7% of the actual largest delay and this is done without
selective workload sampling. It can be observed from results shown later that selective
workload sampling can reduce the adjusted error to as low as 3.1%. Besides, as the
adjusted error is always positive under all circumstances, this can be taken into account
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Fig. 3.4: Actual largest delay vs. RCRP estimation in s9234 when WL=50% and
temperature is 75o C.

when guardbanding and calibrating the circuit. In contrast, more RCRPs can be used
to represent critical reliability paths in the larger circuits, thereby resulting in generally
smaller estimation error. This can be clearly seen from s38417, which allows 7 RCRPs
implemented in the design and hence only leads to −0.5% ∼ 0.4% adjusted error at any
time point and under any work condition. Therefore, RCRPs indeed accurately track
the largest delay among the critical reliability paths.
Note that the MSE and range of adjusted error in Table 3.1 are obtained for
all time points (ti = 0, 2, 4, 6, 8, and 10 years) under various work conditions (W L =
25%, 50%, 75% and temperature = 75o C, 125o C). A specific example of s9234 is also
shown in Figure 3.4, where the workload is W L = 50% and temperature is 75o C.
Actual largest delay among the critical reliability paths (i.e., circuit performance) and
that based on RCRP estimation (adjusted using time 0 measurement results) are both
obtained at different time points in the 10-year span. It can be seen that the RCRPs
can consistently track the largest delay of the critical reliability paths at all time points.
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Fig. 3.5: Normalized MSE under different area budgets.

The same trend is found in different workload conditions and temperatures as well as
in other benchmark circuits.
Next, we further study RCRPs under various area budget requirements. Three
different area budget requirements are used: 1%, 1.5%, and 2%. In each scenario, the
optimal RCRPs are synthesized using the flow in Algorithm 2.
Normalized MSE for RCRPs under different area budgets is shown in Figure 3.5,
where the values are normalized using MSE when area budget is 1%, and the range
of adjusted error (i.e., the difference between the maximum and the minimum errors)
is shown in Figure 3.6. From the results we can still see the general trend for each
individual circuit that, when more RCRPs are allowed, estimation tends to be more
accurate. It is noteworthy that, in the case of s5378, s9234, and s13207, when budget
increases from 1.5% to 2%, neither MSE nor adjusted error can be improved simply by
implementing one more RCRP. Thus, the optimal RCRPs remain the same for the two
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Fig. 3.6: Range of adjusted error under different area budgets.

area budget requirements in these cases. In other words, even when area budget raises
to 2%, the area overhead of actual RCRPs is still within 1.5%. Meanwhile, when area
budget increases from 1.5% to 2% for s15850 and s38417, the new optimal RCRPs are
implemented as they improve the MSE quite a bit when the range of adjusted error is
slightly increased. This indicates that the RCRPs can meanwhile have more accurate
estimation on all the critical reliability paths when tracking the largest delay accurately.
To study why RCRPs in s9234 and s13207 behaved differently as compared to
the other 3 benchmark circuits in these scenarios, we analyze how the critical reliability
paths are covered by the RCRPs in these cases. Critical reliability paths coverage here
is defined as the percentage of critical reliability paths that are directly or indirectly
represented by the RCRPs. If there are too few overlaps between the critical reliability
paths and the area budget is tight, there is a good chance that not all critical reliability
paths are actually covered by RCRPs. As shown in Figure 3.7, RCRPs for the other
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Fig. 3.7: Critical reliability paths coverage under different area budgets.

three benchmark circuits can easily be close to or at 100%, which explains why the
adjusted error and MSE are relatively smaller. However, the critical reliability paths
coverage ratios for s9234 and s13207 are below 80%, making it difficult for accurate
estimation from too few RCRPs. In large designs, we expect to see RCRPs behave
more like it does in s38417 as they can allow more RCRPs implemented to provide
better coverage, hence higher estimation accuracy.
Furthermore, we study how selective workload sampling may improve the estimation error. We take s9234 and s13207 as two examples. As explained in Section 4,
selective workload sampling is implemented for important segments based on different
threshold level ST H and workload is only extracted from paths that do not have the
largest delay at time 0. Specifically, even when the delay of the involved functional path
slightly increased due to the workload sampling, it should not affect the largest delay among all functional paths. We set a 5% threshold for this purpose, i.e., the path delay at
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time 0 should satisfy: di < Delaymax ∗ 95%. The results are shown in Table 3.2. When
there is no workload sampling, i.e., sampling count in Column 5 is 0, the area overhead
of RCRPs is within 2% of the total area of the design. When ST H is 3 (Column 4) in
the case of s9234 for example, actual workload from functional paths can be sampled
for totally just 3 gates on the RCRPs (Column 5). This leads to slight improvement
on the adjusted error shown in Column 6 (reduced from 7.6% to 6.9%). When ST H
reduces, more workload can be extracted, thereby further reducing the adjusted error.
When ST H = 1, 32 out of 46 gates on the RCRPs can extract actual workload. This
reduces the adjusted error to 3.1%. Yet, as selective workload sampling only takes place
in the less-critical paths, its impact on circuit performance is minimized.
In comparison, we observed that without selective workload sampling, even if 10
more RCRPs are implemented for this design, it only improves the MSE while the adjusted error remains at about 7%. However, selective workload sampling will increase
the area overhead by introducing MUXes on the RCRPs as shown in Figure 3.2. Nevertheless, this approach provides an option that can specifically target at better tracking
of the largest delay.
It should be noted that selective workload sampling does not always improve
adjusted error as can be seen from the results of s13207, where adjusted error stays the
same even if 19 gates on the RCRPs are getting actual workload. If this is observed
during RCRP synthesis and analysis at design stage, the designer can simply remove
the unnecessary sampling from the synthesis.
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Table 3.2: Selective workload sampling for s9234 and s13207.
Circuit

r

RCRPs’ Gate

ST H

Sampling

Range of

Count

adjError (%)

≥4

0

7.6

3

3

6.9

2

11

5.0

1

32

3.1

≥2

0

3.8

1

19

3.8

Count

s9234

s13207

3.6

3

3

46
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Summary

The proposed representative critical reliability paths methodology provides an efficient
in-the-field approach to evaluate aging on the chip throughout the lifetime with no
impact on the functional circuit. Simulation results demonstrate the effectiveness of
this method. Our future work will be directed towards a more comprehensive solution
so that effects such as crosstalk and power supply noise can also be taken into account
for more accurate estimation.

Chapter 4

Clock Skew Reduction

4.1

Introduction

The rapid scaling of CMOS technology has inevitably exacerbated the reliability issues,
e.g. aging effects. Negative bias temperature instability (NBTI) is one of the most
notable aging effects impacting circuit performance and reliability. NBTI is prominent
in POS transistors, shifting the threshold voltage, reducing the drive current, and eventually failing the circuit. Circuit level simulations have demonstrated that NBTI can
result in a 10% circuit delay degradation over 10 years of operation [11] [67]. Although
NBTI impact on functional circuits has been extensively studied and various solutions
were proposed, its impact on the clock tree has not been sufficiently examined yet. Process variation is another major concern in circuit design, as it deviates the performance
of ICs from the design specification. Without carefully tackling these issues, yield can
be negatively impacted. International technology roadmap for semiconductors (ITRS)
estimated that the delay variability due to process variations would reach 49% in 2010,
63% in 2015, and continues to increase in future technology nodes [6].
Prior research focuses on the impact of capacitive loads, aging or process vari-
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ations separately on clock skew. Some earlier research focused on zero-skew routing
techniques. These techniques manipulate the clock skew, induced by capacitive load
mismatch, using load-matching approaches [68] [69] [70]. Such techniques insert multiple types of control gates into the clock tree to gate the clock paths, which is defined
as clock signal path from the source clock to a sink D flip-flop. However, the clock
skew remained difficult to control due to the different types of logic gates and buffers
used, resulting in capacitive load mismatch. Similarly, process variations cannot be
avoided. Although power consumption may be reduced as an optimization objective,
these techniques fail to completely address the skew problem. For example, the authors
in [71] added extra circuitry to simplify clock control logic in order to reduce the clock
skew. However, their scheme was not applicable to all implementations, and the power
consumption was not optimized without gating off the unnecessary clock switching [72].
More importantly, process variation was not taken into account in these approaches.
The authors in [73] comprehensively analyzed the impact of process variations on the
clock skew. Their results confirmed that process variation is a significant source of clock
skew in deep sub-micron technology nodes. Clock tree routing algorithms have been
proposed in literature to improve skew tolerance to process variations. The authors in
[74] estimated the worst-case skew under process variations, and employed it to guide
the decision-making during the routing procedure. Similar methodologies were proposed in [75] [76]; however few of them paid attention to aging effects, which is another
dominant source for inducing clock skew, especially in smaller technology nodes.
The authors in [77] proposed a solution to reduce clock skew due to NBTI. By
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calculating the clock skew degradation induced by NBTI, the clock signal on the corresponding path was guardbanded with a safety margin. The safety margin is set as
exactly half of the skew degradation, thus the skew was constrained for a lifetime operation. Although process variations were taken into account, this methodology was
limited by its safety margin, which could not exceed half of the skew degradation. The
authors in [78] tried to equalize the signal probability of all clock paths according to
runtime operation, and could achieve a significant reduction of clock skew induced by
NBTI. However, their scheme assumed a relatively ideal condition where the process
variations were not considered. The authors in [79] proposed an optimization algorithm
to select NAND or NOR gate as the output stage of the integrated clock gating (ICG)
cells. This enabled the control of ICG output signal to remain at “0” or “1”, thus
balancing the degradation rate of clock paths and minimize NBTI induced clock skew.
Similarly, the authors did not consider the impact of process variations. In addition,
this method lacked a comprehensive analysis on the fanout condition of clock gating. As
an example, the clock path with the worst degradation (we call it the fastest-degrading
path or the worst path) connected to an ICG cell may be slowed down by fixing the
ICG cell output at “0” through the optimization procedure. However, this may expedite
the degradation of another connected path, causing it to become the worst path. The
method in [80] was essentially an inter-node-control (INC) scheme, which balanced the
degradation rate of the clock paths by carefully manipulating the stress probabilities to
the critical POS transistors. However, process variations were not considered, and that
all control enable signals must be determined a priori.
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In summary, there is little work to address the clock skew problem considering
both the process variations and aging. Clock skew optimization considering aging is
usually conducted separately on the assumption that the timing properties of the clock
tree is already optimized considering the process variations. Consequently, margins
based on process variations and aging are added up. This will over-pessimistically
guardband the clock signal and lose performance excessively. Furthermore, most of the
research attempt to optimize the clock skew through INC or similar methodologies by
balancing the degradation rates of different clock paths. Therefore, the introduced area
and power consumption of the control circuitry must be carefully considered to avoid
large overhead. Meanwhile, it must be ensured that the INC schemes do not expedite
the degradation of the slow-degrading paths to make a worst path.
In this chapter, delay degradation of the clock buffers with different initial threshold voltages are accurately evaluated using the long-term NBTI predictive technology
model (PTM), considering the impact of signal stress probabilities, and the stress and
recovery mechanisms [11] [67]. A sub-library embracing the clock buffers in the standard
cell library is characterized for multi-Vth consideration. We propose a novel clock skew
reduction flow considering both NBTI and process variations. Our flow is a synthesis
framework using the high-Vth buffers to replace the identified standard-Vth counterparts.
Although the leakage power is not our optimization objective, our flow is effective in
reducing the leakage power as well, since a high-Vth buffer has a smaller leakage current. We develop an extended “divided and conquer” algorithm to identify the clock
buffers for replacement, using the static timing analysis information of the clock tree,
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and calculating the degradation information with the long-term NBTI model. To take
process variations into account, we use the existing mathematical models to evaluate
the mean and standard deviation of the delay of each high-Vth buffer. Differences from
the mean delay and standard deviation of the original standard-Vth buffer will guide the
decision-making to ensure that swapping buffers will effectively reduce the clock skew
without violating the design specifications. Different from existing clock skew reduction
methods, our flow does not change the clock tree connection and topology, inserting no
extra control circuitry. More importantly, our flow does not aggravate the degradation
rate of any clock path. In addition, our synthesis flow can work effectively without
interrupting the current conventional design flow.
The rest of the chapter is organized as follows. Section 4.2 presents the NBTI
model, and the statistical prediction of NBTI under process variations will be derived
from transistor-level to path-level. Section 4.3 describes the motivation behind our flow.
Section 4.4 presents the details of our synthesis flow for clock skew reduction. Section 4.5
shows results on several benchmark circuits, and Section 4.6 summarizes this chapter.

4.2

NBTI Effect and Process Variations Characterization

This section presents NBTI model and its characterization under process variations.
The models will be extensively studied to characterize the clock buffers considering
different threshold voltages.
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4.2.1

NBTI Effect Modeling

NBTI effect is commonly acknowledged as a result of the generation of interface charges
at the Si−SiO2 boundary, and is analytically interpreted using the reaction diffusion
(R-D) model [81] [82]. Consequently, NBTI is highly dependent on the bias condition.
A forward bias (Vgs = −Vdd , where Vdd is the supply voltage) accelerates the NBTI
effect, which leads to an increase in the POS threshold voltage. However, a reverse
bias (Vgs = 0) recovers NBTI effect partially, and decreases the absolute value of the
threshold voltage. PTM model [67] captures the behavior of the alternate stress and
recovery phases of the degradation of POS transistor. The corresponding long-term
compact model is formulated as:

|∆Vth (t)| = (

p
Kv2 αTclk
1/2φ

)2φ

(4.1)

1 − βt

p

ξ2 C(1 − α)Tclk
√
2tox + Ct
√
2Eox
qtox 3 2
) K Cox (Vgs − Vth ) Cexp(
)
Kv =(
ox
Eo
βt = 1 −

2ξ1 te +

(4.2)
(4.3)

where α is the duty ratio, and Tclk is the clock period. The other parameters are
physical related constants. In the model, the random stress signal is converted into a
rectangular waveform with duty ratio α, and |∆Vth (t)| is a tight upper bound of the longterm degradation of the POS transistor [11] [67]. Thus, any long-term NBTI analysis
can be successfully conducted using a deterministic duty ratio α obtained from the
actual random stress signal. Additionally, Equation (4.1) demonstrates that |∆Vth (t)|
exponentially depends on initial threshold voltage Vth . It also manifests that a lower
|Vth | POS transistor has a faster degradation rate, and thus a larger ∆Vth (t) increase

111

Normalized Delay

1.8
1.6
1.4
1.2
1
0.5
0.4
0.3

|Vth|

0.2
0.1

0

0.5

1

1.5

2

2.5

3
8
x 10

Stress Time t (s)

Fig. 4.1: Normalized delay of a minimum-sized clock buffer versus initial threshold
voltage Vth and stress time t (α = 0.5, and temperature T = 125o C).

[67]. Alpha-power law [85] provides an analytical model between Vth , ∆Vth (t) and gatelevel delay Di as:

Di =

Ci Vdd
βi [Vdd − (Vth + ∆Vth (t))]γ

(4.4)

where Ci is the effective capacitive load connected to the gate i, and βi is a parameter
depending on the gate size. We simulate clock buffers from the 45nm Nangate Cell
Library using the PTM model and PTM transistor parameter values [84]. Our results
on a minimum-sized buffer shown in Figure 4.1 illustrate that buffers with lower initial
Vth tend to degrade faster, while those with a higher initial Vth have a slower degradation
rate. Such an argument can be made for other gate types as well [83] [86].
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4.2.2

Statistical Prediction of NBTI Effect under Process Variations

In this section, we will propose the circuit-level model for path and clock-tree delay analysis. Delays and degradations of paths, when their cell components have different initial
threshold voltages, will be compared and the difference will be modeled. Additionally,
clock skew will finally be formulated.
Using the first-order Taylor Expansion of 1/(1 − x)α ≈ 1 + αx (when |x|  1),
Equation (4.4) can be reformulated as:
Di = Di0 × (1 + Sti × ∆Vth (t))

(4.5)

Di0 = Ci Vdd /[βi × (Vdd − Vth )γ ]

(4.6)

Sti =

γ
(Vdd − Vth )

(4.7)

where Di0 is the gate delay without process variations and NBTI degradation, with
∆Vth (0) = 0. From Equation (4.5), we can see that Sti × ∆Vth (t) decreases with the
increase in the initial threshold voltage Vth , demonstrating that gates with lower initial
Vth tend to degrade faster, while those with higher initial Vth have slower degradation
rate.
To take process variations into account, the mean value µDi (t) and standard
deviation σDi (t) of the gate delay at time t can be formulated as [86]:
µDi (t) = µDi (0) × (1 + ASti tγ )

(4.8)

σDi (t) = σDi (0) × (1 − ASv tγ )

(4.9)

µDi (0) = Di0

(4.10)

σDi (0) = Di0 Sti σpvi

(4.11)
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where A and Sv are positive values, whose values are dependent on the technology
features and remain as constants under the specific operating condition.
Since standard deviation of the delay is always a positive value, we can see that
0 ≤ 1 − ASv tn ≤ 1. Comparing Equation (4.8) with Equation (4.5), it satisfies that
ASti decreases when Vth increases. Equations (4.8) through (4.11) formulate the gate
delay considering NBTI degradation under process variations. By treating a path as
a concatenation of K gates on it, the mean value and standard deviation of the path
delay can be formulated as:

µ(0) = τ0

(4.12)

σ(0) = τ0 Sti σpv
v
uK
uX
XX
σpv = u
σpvi +
2ρpvij σpvi σpvj
u
u i=1
1≤i≤K
t

(4.13)
(4.14)

1≤j≤K
i6=j

µ(t) = µ(0)(1 + ASti tγ )

(4.15)

σ(t) = σ(0)(1 − ASv tγ )

(4.16)

where µ(0) (= τ0 ) is mean value of the path delay at time 0 without NBTI degradation;
σ(0) is the corresponding standard deviation; µ(t) and σ(t) are the mean delay and
standard deviation at time t; σpvi is the standard deviation of the delay of gate i; ρpvij
is the correlation between ∆Vth pvi and ∆Vth pvj .
Equations (4.12) through (4.16) formulate the mean value and standard deviation
of the path delay considering NBTI degradation under process variations. Let us assume
that, at time t, the mean value and standard deviation of the delay of paths m and n
are (µm (t), σm (t)) and (µn (t), σn (t)) respectively. If they have the correlation ρmn , the
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delay difference between them will satisfy a distribution having the mean value ∆µ(t)
and standard deviation ∆σ(t), which can be formulated as:

|∆µ(t)| = |µm (t) − µn (t)|
∆σ(t) =

p
2 (t) + σ 2 (t) − 2ρ
σm
mn σm (t)σn (t)
n

(4.17)
(4.18)

From Equations (4.17) and (4.18), the delay difference ∆τ between paths m and
n (at time t) is upper-bounded as:

∆τ ≤ |∆µ(t)| + |∆σ(t)|
= |µm (t) − µn (t)|
p
2 (t) + σ 2 (t) − 2ρ
+| σm
mn σm (t)σn (t)|
n
= |µm (t) − µn (t)|
p
2 (0) + σ 2 (0) − 2ρ
+| σm
mn σm (0)σn (0)
n
×(1 − ASv tγ )|
≤ |µm (0) × (1 + AStim tγ ) − µn (0) × (1 + AStim tγ )|
p
2 (0) + σ 2 (0) − 2ρ
+| σm
mn σm (0)σn (0)|
n
≤ |µm (0) − µn (0)
+tγ × [AStim · µm (0) − AStin · µn (0)]|
p
2 (0) + σ 2 (0) − 2ρ
+| σm
mn σm (0)σn (0)|
n

(4.19)

Thus, we can conclude that the delay difference between two paths can be upperbounded mathematically considering both NBTI degradation and process variations.
For a clock tree consisting of a large number of paths, M ax(∆τi,j ), i 6= j, actually
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evaluates the skew of the clock path delays with both NBTI and process variations
considered.

4.3

Motivation for Controlling on Clock Path Degradation and Rate
using Multi-Vth Clock Buffers

From Equation (4.15), it is clear that ASti evaluates the degradation sensitivity of the
mean path delay considering NBTI effect. Since there are multiple buffers on a clock
path, ASti relates to the threshold voltages of all the buffers. Clock path delay is defined
as the delay from the source clock to the sink D flip-flop. Assuming that clock paths m
and n have same aging condition and structure, some buffers on path m are replaced
with their high-Vth counterparts. From Equation (4.15), we can see that:
µm (0) > µn (0)

(4.20)

AStim < AStin

(4.21)

If the length of path m is sufficiently long, we can select multiple buffers to replace
with their high-Vth counterparts, which could accumulatively decrease the degradation
rate and successfully lead to AStim · µm (0) < AStin · µn (0), where µm (0) and µn (0) are
constants. By substituting it back to Equation (4.19), we can get:

∆τ ≤ |µm (0) − µn (0)|
−tγ × |AStim · µm (0) − AStin · µn (0)|
+|

p
2 (0) + σ 2 (0) − 2ρ
σm
mn σm (0)σn (0)|
n

(4.22)

It can be seen from Equation (4.22) that ∆τ will decrease with time, as we replace
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Fig. 4.2: Path delay and degradation comparison: (a) before replacement; (b) after
replacement.

sufficient number of buffers with their high-Vth counterparts on a path. It also indicates
that by replacing multiple buffers on a path with high-Vth buffers, we can adjust its
degradation rate with respect to another path. Figure 4.2 shows a simple illustrative
example of two paths. By replacing two gates with their high-Vth counterparts, path 1
will have a higher initial delay at time 0; however, its degradation rate is decreased.
We can take advantage of this feature to reduce the clock skew induced by NBTI.
However, we must also pay attention to the shift of clock path delay introduced by the
buffer replacement. From Equation (4.22), gate replacement will lead to a new path
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delay with an upper bound as:

τm (t) = τn (t) + ∆τ
≤ τn (t) + |µm (0) − µn (0)|
−tγ × |AStim · µm (0) − AStin · µn (0)|
p
2 (0) + σ 2 (0) − 2ρ
+| σm
mn σm (0)σn (0)|
n

(4.23)

If we compare the delays before and after replacement on the same path, obviously
ρmn = 1. Thus, the upper bound of the path delay after replacement will be:

τm (t) = τn (t) + ∆τ
≤ τn (t) + |µm (t) − µn (t)|
p
2 (0) + σ 2 (0) − 2 × 1 × σ (0)σ (0)|
+| σm
m
n
n
= τn (t) + |µm (t) − µn (t)| + |σm (0) − σn (0)|

(4.24)

If we have a timing constraint on the clock path delay: τn ≤ τ , the new clock
path delay after replacement should satisfy:

τm (t) ≤ τ − ∆τ

(4.25)

Otherwise, the replacement will negatively impact manufacturing yield. Now, if
we extend Equation (4.15) to include the process variations, it can be rewritten as:
µpv (t) = µpv (0)(1 + ASpv ti tγ )

Similarly, ASpv

ti

(4.26)

will decrease if some buffers on the clock path are replaced with

their high-Vth counterparts. Assuming that the comprehensive timing analysis suggests
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that the worst delay value will become Γ at time t, a safety margin ∆Γ has to be assigned
to the circuit at design time. Combined with the above analysis, the following constraint
must be satisfied for a new replacement so as not to violate the design specification:





1
τm (0) ≤ Γ − ∆Γ − ∆τ,
<=
(4.27)




Otherwise;
0
where τm (0) is the path delay at time 0 under nominal condition without process variations and NBTI impact. Here, we use the < value as a flag to indicate whether a
replacement is feasible when < = 1.
In summary, we can see that a new buffer replacement is optimal in reducing the
clock skew only if the following requirements are satisfied:





τaf ter (0) ≤ Γ − ∆Γ − ∆τ

(4.28)





SKaf ter < SKinit
where SKinit (SKaf ter ) is the clock skew before (after) buffer replacement; τaf ter (0) is
the clock path delay at time 0 after replacement.

4.4

Clock Skew Reduction Flow

Our proposed synthesis flow for clock skew reduction is shown in Figure 4.3.
We use the PTM model to characterize the delay and degradation of the buffers in
the standard cell library considering different Vth values. Thus, a multi-Vth clock buffer
library can be characterized. In the physical design stage, clock tree structure can be
obtained. Other NBTI-related parametric information can be collected using either
commercial [34] or our in-house tools [87] [88]. Through an aging-aware timing analysis

Updated Clock Tree

Clock Buffer
Replacement Flow

Timing and Aging
Analysis Considering
Process Variations

45nm Nangate Library

Technology Library

Multi-Vth Clock
Buffer Library

PTM 45nm
Model

Fig. 4.3: Clock tree synthesis flow for skew reduction.
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using the multi-Vth clock buffer library, the delay and degradation for the buffers and
the clock paths are derived. Our clock buffer replacement algorithm make use of these
information to identify the critical clock buffers (with standard-Vth ) for replacement.
The implementation of our flow will help reduce the clock skew with considering NBTI
impact and process variations for a specified lifetime operation. The key step in our
flow, namely clock buffer replacement, is described in Algorithm 3.
In the algorithm, clock paths are separated into sets by analyzing the buffer
overlap condition of the paths; paths in the same set will have high number of overlapped
buffers. Aging information and lifetime specification for analysis are obtained from lines
1 to 5. We replace the non-overlapped buffers inside the current set to reduce clock skew
from lines 10 to 15 while we select the overlapped buffers among sets from lines 16 to
23. Together, we identify all the necessary critical buffers to reduce the skew of the
clock tree from lines 7 to 24. The computational complexity mainly comes from the
optimality analysis for each clock buffer from lines 10 to 22. The overall computational
complexity is O(N M K 2 ), where N is the number of path sets, M is the average path
count in a path set, and K is the average buffer number on a clock path.
For a large-scale industry design, there would be an extremely large number of
clock paths for analysis. To reduce the CPU runtime, one can use a “divide and conquer”
approach. First, we divide the X clock paths into G groups, each of which has M/G
clock paths. Second, we apply Algorithm 3 to each group. Accordingly, number of
paths in each set decreases proportionally to N/G. Last, we apply Algorithm 3 to the
groups to ensure any further skew optimization could be obtained. Thus, the complexity
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Algorithm 3 Clock Buffer Replacement
1: Extract X clock paths with L buffers from the clock tree
2:

Obtain STA information of the X clock paths

3:

Collect aging information of the X clock paths

4:

Specify ∆τ considering NBTI effect and process variations

5:

Specify stress time t for NBTI aging analysis

6:

Separate all the clock paths into N sets through buffer overlap analysis

7:

for (All sets n from 1 to N ) do

8:
9:

for All paths m from 1 to M in current set do
Select a clock buffer k from 1 to K on current path m

10:

if Buffer k is a non-overlap buffer by all the paths in set m then

11:

Evaluate the replacement using Equation (4.28) in current set

12:

if It is an optimal replacement then

13:

Replace the current buffer

14:

end if

15:

Update the timing information of the paths in current set n

16:

else if Buffer k is an overlapped buffer by all the paths in set n then

17:

Evaluate the optimality using Equation (4.28)

18:

if The replacement decreases the clock skew among buffer sets then
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19:

Replace the current buffer

20:

Update the timing information of current buffer set
end if

21:
22:
23:
24:

end if
end for
end for

reduces from O(N M K 2 ) to O(N M K 2 ×

1
),
G2

which is highly dependent on G. If we

divide the overall X clock paths into a sufficiently large number of groups, the overall
computational complexity will be substantially reduced.

4.5

Experimental Results

In this section, we evaluate the effectiveness of our proposed flow. Five circuits from
IWLS 2005 benchmark suite are considered in our simulation. All the simulations are
performed using open-source Nangate standard cell library with 45nm technology node
[66]. PTM model and transistor parameter values [84] [86] are used to characterize
the delay and degradation of the clock buffers in the cell library considering two Vth
values. Compared to a standard threshold voltage of 0.28V by default, we set 0.45V
as its corresponding high-Vth threshold voltage. The benchmark circuits are processed
through the conventional ASIC design flow using Synopsys [34] and our in-house tools [87] [88] to extract the NBTI-related circuit information, e.g. clock tree structure,
stress probabilities, etc.
Equation (4.28) explains that our flow reduces the clock skew by taking advantage
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of a previously specified safety margin value ∆Γ. To avoid specifying an unnecessary
safety margin, we modify the constraints in Equation (4.28) as follows:





τaf ter (0) ≤ Γworst (0) − ∆τ

(4.29)





SKaf ter < SKinit
where Γworst (0) is the largest clock path delay without process variations and NBTI
degradation at time 0. Compared with Equation (4.28), Equation (4.29) has a tighter
constraint: only clock paths with a delay less than Γworst (0) will be selected for the
analysis on skew reduction. Results demonstrate that our flow still works efficiently
under such an extremely constrained condition.
Figure 4.4 depicts the results on benchmark circuit ethernet. The clock path
delay distributions at time 0 and 10 years are presented as a comparison before and after
buffer replacement (T = 125o C). Note that all the delay values in our presented results
are normalized for the comparison purpose. The clock tree structure extracted from
ethernet is small in size and the clock paths are short in length (with an average length
of K = 8 buffers on the clock paths). In total, X = 1748 clock paths with L = 2524
clock buffers are selected. Our flow identifies 11 buffers for replacement due to the short
length and small size of the clock tree. Comparing Figures 4.4(a) with 4.4(c), the clock
skew is reduced from 25.86 unit delay to 21.83 unit delay with a reduction of 15.58% at
time 0. While considering 10 years of NBTI degradation, the clock skew is reduced from
34.40 unit delay in Figure 4.4(b) to 29.04 unit delay in Figure 4.4(d) with a reduction of
15.58% as well. Figure 4.5 presents the results on benchmark circuit ethernet under five
temperature scenarios: 25o C, 50o C, 75o C, 100o C, and 125o C. After buffer replacement,
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Fig. 4.5: Clock skew reduction for benchmark circuit ethernet under different temperature scenarios.

the average clock skew reduction considering 10 years of NBTI degradation are plotted
in the figure, which demonstrates that our methodology can effectively reduce clock
skew under different temperature scenarios, i.e., benchmark circuit ethernet can obtain
around 15% skew reduction processed by our flow.
We also implement our flow on four other IWLS 2005 benchmark circuits des perf ,
vga lcd, netcard, and leon3mp. We compare the skew before and after buffer replacement at 4 different stress time instants: 0, 3, 6, and 10 years with the results shown in
Table 4.5 under temperature T = 125o C. Under the categories “Before Replacement”
and “After Replacement”, the clock skews corresponding to different stress times are
listed. Correspondingly, the skew reduction and their average values are listed under
the category “Skew Reduction (%)”. Each row corresponds to one benchmark circuit.
In the last row, the average skew reduction on these five benchmark circuits is calcu-
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lated. Table 4.5 shows that our flow can effectively reduce the clock skew by around
20% on average under an over-constrained condition, considering 4 stress time points
on these five benchmark circuits. Note that implementing our flow on large-scale industry designs with the constraint in Equation (4.28) should result in a much higher
skew reduction, since all the clock paths will be equally analyzed, and all buffers will
be evaluated for selection to further reduce skew.
We further analyze the relationship between the number of identified buffers and
the skew reduction in Table 4.2, where Columns 2 and 3 list the number of clock paths
X and clock buffers L in each circuit. The average path length K for each benchmark
circuit is listed in Column 4. The number of buffers identified for replacement and their
corresponding ratio to the overall buffer count are listed in Columns 6 and 7. The last
column shows the skew reduction for each circuit using our flow. Note that this value is
an average of two skew reduction values at time 0 and 10 years. We also calculate the
“Overlap Frequency (F )” for each circuit in Column 5 as:

F =

X ×K
L

(4.30)

where X is the total number of clock paths, K is the average path length, and L is the
total number of buffers.
In Equation (4.30), the numerator calculates the necessary non-overlapped buffer
count to construct the clock paths for a circuit, assuming that no two paths go through
a same clock buffer. Thus, Equation (4.30) evaluates the average number of paths that
go through a same buffer. It also indicates the average overlapped buffer count on each
path. As discussed in Section 4.4, only replacing a non-overlapped buffer may reduce
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Table 4.1: Clock skew comparison before and after buffer replacement at different stress time (T = 125o C)
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(X)
330
1748
3068
5455
7955

Circuit
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9380

6900
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2524

836

(L)

9
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8

6
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%

Bench. # Paths # Buffers Ave. Path Overlap Buffer Replaced

≈ 20

14.28

25.80

17.35

15.58

29.50

Reduction (%)

Skew

Table 4.2: Clock skew reduction and buffer replacement analysis (T = 125o C, t = 10 years)
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the delay difference between two paths. We can conclude that a higher F value indicates
that fewer buffers are available for replacement, thus resulting in less skew reduction.
For example, benchmark circuit des perf has an average path length of 6 with an F of
2.39. On average, for each path in des perf , it has more than 50% (1 −

2.39
6

≥ 50%)

of its buffers available for replacement. However, for benchmark circuit vga lcd, it has
less than 50% (1 −

7.66
15

≤ 50%) of its buffers appropriate for replacement. Intuitively,

the more buffers are available for replacement, the more clock skew reduction we can
obtain. Also from our results, we find that the skew reduction is also highly dependent
on the clock tree structure and clock path count. For example, to replace 88 out of 6002
buffers on the 3068 clock paths for benchmark circuit vga lcd, we can obtain around
17.35% skew reduction considering 10 years of degradation. While a replacement of
17 out of 836 buffers on 330 paths for benchmark circuit des perf can obtain 29.50%
skew reduction. Furthermore, benchmark circuits netcard and vga lcd have relatively
larger path lengths (K = 10, and 15) compared with the path lengths (K = 8, and
9) of ethernet and leon3mp. The skew reductions on vga lcd and netcard are thus
larger since more buffers can be selected for replacement, which renders our flow more
favorable for large-scale industry designs with larger-length clock paths. Summarized
from the results in Table 4.2, our flow replaces only 1.08% of clock buffers and can
obtain around 20% skew reduction under our over-constrained condition. One should
also note that if an excessive number of buffers on the clock paths are replaced with the
high-Vth buffers, the clock path delay may increase heavily more than the original one,
deteriorating the speed of the circuit. In our flow, we also constrain clock path delay
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when reducing the skew as described in Equations (4.28) and (4.29).
In the replacement procedure, no additional transistors or gates are required.
Thus, our flow incurs almost no area-overhead to the circuits. Another dominant concern
in CMOS digital circuits is leakage current. As formulated in [89], this component
exponentially decreases with the increase of the threshold voltage:
q

‘

‘

ILeak,k ∝ e nΛT (Vdd −γ1 Vs −γ2 VDS −Vth )

(4.31)

where q, Λ, Vs , γ1‘ , and γ1‘ are the process or physical related constants. Considering
the total leakage power PLeak =

P

k ILeak,k Vdd

(k is the gate index), the replacement

approach in our flow decreases the leakage power as well. The amount of leakage power
reduction is proportional to the number of replaced buffers. Since our major optimization objective is to reduce the clock skew while maintaining the clock path delay within
a range not violating the design specification, the buffers for replacement is optimized in
the least number. However, our flow is still effective in reducing the leakage power. By
combining the leakage power reduction into the optimization objective, we can replace
more clock buffers to satisfy both skew and leakage power reduction. This is outside
the scope of this research.

4.6

Summary

In this chapter, we propose an effective synthesis flow for clock skew reduction considering NBTI and process variations. Our flow takes advantage of the original safety
margin, specified in conventional ASIC design flow. This margin is usually excessively
large, that leads to significant performance loss. Our algorithm uses this margin to re-

131
duce the skew by identifying the critical clock buffers in the clock tree. These identified
buffers are replaced by their high-Vth counterparts. Results show that our flow obtains high efficiency even under an extremely constrained condition. By introducing the
“divide and conquer” approach, our flow is applicable to large-scale industry designs.

Chapter 5

Test-Cost Reduction Considering Silicon Variations

5.1

Introduction

Aggressive scaling of CMOS technology into ≤ 32nm feature nodes increases circuit
frequency to speeds of multi-GHz and beyond [6]. This is making circuit performance
more vulnerable to manufacturing imperfections. Unavoidable process variations introduced during manufacturing process can deviate performance considerably from design
specifications, increase test cost, and potentially increase yield loss and escape [90] [91].
In current design and test flows, timing analysis becomes increasingly important, requiring high-level of accuracy and efficiency. An accurate timing analysis reduces design
margins and identifies delay faults, and allows an accurate ranking of paths using timing
information, which will reduce test pattern count and test cost as well as improve test
quality [92] [93].
Modern static timing analysis (STA) tools have been commonly used in design
and test flow [94]. However, STAs are not capable of considering timing variability
caused by process variations, since all physical parameters are evaluated at nominal
values. To improve accuracy without neglecting parametric corner cases, even though
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they have a low probability of occurrence, statistical static timing analysis (SSTA)
has been proposed as an alternative solution [95]. Different from STA, which models
gate or path delay as a deterministic value, SSTA represents the delay as a probability
distribution, represented by a mean and a variance. However, using SSTA, which uses
one foundry process data for all different chips, leads to over-pessimistic evaluation of
the delay deviation in all corner cases. Consequently, much performance is left on the
table due to over-estimated margin values.
Path-delay fault (PDF) tests exercise the critical paths at-speed to detect whether
the path is slow because of manufacturing defect or variations [96]. Path delay modeling
and PDF identification are difficult tasks due to process variations, and the corresponding PDF patterns are, in turn, difficult to generate. This is because actual silicon
variations on dies are not identical to what was modeled at pre-silicon stage [97]. STAbased path delay modeling and PDF pattern generation may miss some critical paths.
Thus a much larger number of paths must be targeted to guarantee high coverage of
the actual silicon critical PDFs. Moreover, SSTA-based path delay modeling and PDF
pattern generation may lead to selection of an extremely large number of critical paths
for testing and impose extra overhead to the total test cost.
In [98], a three-phase decision diagram-based approach was proposed to identify
the set of testable critical PDFs for a given circuit. However, it is an STA-based method
and is not practical when considering process variations. The authors in [99] proposed
a path selection method for delay testing and timing validation that assumes variations
in gate delay to be mutually independent. This method yields low accuracy because
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process variations affect gates differently and a path delay accumulates impacts from
each gate. In [100], authors used deterministic timing information to evaluate testable
paths. This method fails to identify paths that considered the statistical feature of the
path delay due to process variations. The authors in [28] proposed a false-path-aware
SSTA to select critical paths for delay test. Their method adopted the worst-case slacks
for identifying critical nodes. However, using the worst-case slacks may lead to an
extremely large number of critical paths due to the SSTA analysis. In [101], the authors
compared gate node criticalities to deterministically select the longest paths traversing
the most statistically critical nodes. However, this method still relies on the statistical
timing information to guarantee high test quality.
In this work, we develop a novel silicon-variation-aware (SVA) PDF pattern generation flow. In SVA, we rank critical paths for detecting PDFs under the impact of
actual silicon variations. Unlike using timing information from STA or SSTA, we make
use of post-silicon measurements on the ROs placed on the chip to estimate the actual
variation of paths delay, rendering it more practical to implement. This is enabled by
the correlation analysis between basic gate types in the standard cell library, paths, and
ROs. ROs on a selected number of dies are measured to extract variation information.
Our results on critical paths extracted from benchmark circuits verify that SVA is more
accurate than STA in conventional PDF test flow, and faster and more accurate than
SSTA. SVA results in generation of fewer critical paths, hence fewer PDF patterns, to
verify circuit performance.
The rest of this chapter is organized as follows: Section 5.2 provides the delay
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modeling and analysis considering process variations. Section 5.3 presents our proposed
delay estimation approach. Section 5.4 presents the SVA PDF pattern generation flow.
Section 5.5 provides our experimental results. Finally, Section 5.6 summarizes the chapter.

5.2

Delay Analysis considering Process Variations

This section presents the background and motivations of our proposed methodology.
We will extend the basic gate-delay model for further correlation analysis between basic
gate types, paths, and the measured ROs from silicon.

5.2.1

The First-Order Linear Delay Model

In [102], a first-order canonical form of the gate delay d0i is given by:

d0i = µ0i +

k
X

α0i,j · r0j

(5.1)

j=1

where µ0i is the mean value of d0i , r0j is a normally distributed random variable,
and α0i,j is the first-order weight of the delay with respect to r0j .

The parame-

ters r0j , j = 1, · · · , k, represent a set of underlying independent sources of variations.
The principle component analysis (PCA) technique can be used to transfer spatiallycorrelated parameters into principle components, which are no longer correlated [103].
This transformation of parameter space enables the formulation of Equation (5.1) to
model gate delay as a linear function of independent parameter variations. The k principle components also represent the statistical distribution of the gate delay d0i . Here, we
normalize the variation of each parameter for simplicity. Thus, for 3σ ∈ [0, 1] variance,
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r0j ∈ [1 − 3σ, 1 + 3σ] and has a mean value of 1. Meanwhile, r0j satisfies a probability
distribution as r0j ∼ N (1, σ). Based on our simulation on the Nangate 45nm standard
cell library, α0i,j > 0 is valid for all gate types.
The Cauchy-Schwarz Inequality states that for all vectors X = [x1 , · · · , xk ] and
Y = [y1 , · · · , yk ] of an inner product space, it is true that [104]:
k
X

x j yj

= | < X, Y > |

(5.2)

≤ kXk×kY k

(5.3)

j=1

By substituting Equation (5.1) into (5.2), gate delay d0i is upper-bounded by:
v
v
u k
u k
uX
uX
2 t
2
d0i ≤ µi0 + t
α0i,j
r0j
(5.4)
j=1

≤ µ0i + α0i · ri

j=1

(5.5)

where:
α0i

v
u k
uX
2
α0i,j
= t

(5.6)

j=1

ri

v
u k
u X
2
r0j
= t

(5.7)

j=1,k6=s

Thus, by finding a minimum α0i to ensure that Equation (5.5) is satisfied, the
gate delay d0i can be upper-bounded.
Equation (5.5) does incorporate the impact from process variations, while we
simplified and represented it by only using one variable ri , defined as the representative
variation of process variations. In addition, Equation (5.5) incorporates both intraand inter-die variations. The constant coefficient α0i , named as the weight to process
variations, varies with different input combinations of each gate type. Note that even
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though r0j (j = 1, · · · , k) is a gaussian variable, ri is no longer a gaussian variable.
However, we still treat it as a gaussian variable for conditional probability estimation
in Section 5.3. We focus on path ranking to improve the accuracy of timing analysis
considering actual silicon variations and reducing the test cost. Thus, we are much
more concerned with the path ranking than the accurate delay measurement of paths.
Our flow may introduce error in delay estimation, however, our results in Section 5.5
demonstrate that the final path ranking is still very accurate.
We conduct 5000 Monte Carlo (MC) simulations to characterize the linear models
for all gate types in Nangate 45nm standard cell library using the PTM 45nm transistor model. In our simulations, variances (15%, 15%, 15%) are assigned to three major
physical parameters: L (channel length), W (channel width), and Vth0 (threshold voltage). Equation (5.5) is used to model the upper-bounds of each gate delay according
to different input combinations of each gate type. Figure 5.1 shows the results from
an AND gate (AND X4) in the cell library, where each dot in blue corresponds to one
delay and the red line shows the approximated linear upper-bound. It is clear that our
linear model obtains the upper-bound delay very well as a function of the representative
variation ri . Similar results are obtained from other gate types in the cell library using
MC simulations.
However, Equation (5.1) does not explicitly take into account the impact from
capacitive load. In a circuit, the capacitive load of a gate may be very different from
those of other gates due to the topology and fan-out/-in conditions. Alpha-power law
[85] provides an analytical model to formulate gate-level delay di based on threshold
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voltage Vth , capacitive load CLi as:
di =

Vdd
× CLi
βi · [Vdd − Vth ]γ

(5.8)

where βi is a parameter dependent on the gate type, and Vdd is the power supply voltage.
In Equation (5.8), capacitive load CLi simply works as a multiplier. Thus, we can modify
Equation (5.5) to incorporate the capacitive load CLi and reformulate it as:
di = di0 × CLi

(5.9)

≤ (µi0 + α0i · ri ) · CLi

(5.10)

= µi + αi · ri

(5.11)

where:
µi = µ0i · CLi

(5.12)

αi = α0i · CLi

(5.13)

Summarized from the derivation above, the gate’s upper-bound delay can be
obtained using linear Equation (5.9). A path is regarded as a combination of K gates;
we can similarly formulate the path’s upper-bound delay Di as:
Di =

K
X

(µj + αj · rj )

(5.14)

j=1

If these K gates are physically close and the variability is then neglected, it can be
accepted that r1 = · · · = rK . Thus, the upper-bound delay of path i can be reformulated
as:
Di = (

K
X

µj ) + (

j=1

= Γi + Λi · ri

K
X

αj ) · rj

(5.15)

j=1

(5.16)
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where r1 = r2 = · · · = rK = ri . This is especially applicable to an RO where all gates
are placed physically close. Its cycle time can be formulated using Equation (5.15) as
well.

5.2.2

Relationship between Delays of Gates, Paths, and Ring-Oscillators

Using Equation (5.5), a path with s gates can be represented by vector manipulation
as:




 µ01

 .
ds = 
 ..


µ0s



  α01 · r1
 
 
..
+
.
 
 
 
α0s · rs










(5.17)

If we take into account the capacitive load of each gate, a path’s structure is
represented as:




 µ01 · CL1


..
ds = 
.



µ0s · CLs



  α01 · CL1 · r1
 
 
..
+
.
 
 
 
α0s · CLs · rs










(5.18)

Meanwhile, if we define a load vector as C s=[CL1 , · · · , CLs ]T , the path delay can
be calculated as:
Ds = C s T × d s

 µ01

 .
= [CL1 , · · · , CLs ]×
 ..


µ0s





 α01 · r1





..
+[CL1 , · · · , CLs ]×
.






α0s · rs










(5.19)

Equation (5.19) characterizes the relationship between delays of gates, paths, and
ROs. ROs are measured after fabrication to obtain variations from silicon. It indicates
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that a path delay or a RO cycle time Ds can be represented by using vector manipulation
of gate delays ds and capacitive loads C s . This representation also incorporates process
variations.

5.3

Delay Estimation

In the analysis above, we can see that the delays of gate and path, and the cycle time of
an RO can be represented using linear equations to obtain their upper-bounds. We also
characterize the relationship between delays of gates, paths, and ROs in Equation (5.19).
This enables the estimation of conditional probability from one to another. A similar
conditional probability analysis is also used in [105], which estimates the exact path
delay by considering the delay as a linear function of multiple parameters rather than
a linear function of the representative variation. Meanwhile, in their method, each
gate is assumed to connect to a capacitive load with a unit value, which neglects the
deviation of the capacitive load. However, a gate’s capacitive load may be very different
from other gates’ capacitive loads due to the complicated topology and fan-in/-out
conditions. As such, this renders their method less practical for implementation. SVA
pattern generation flow focuses instead on the path’s upper-bound delay relative to other
paths’ upper-bound delays and the ranking of critical paths considering the actual silicon
variations (More details provided in Section 5.4).
In the following, we present details about the process of delay estimation. Theorems 1 and 2 from [106] will be used to facilitate our estimation.

Theorem 1: Let x0 be a gaussian variable satisfying x0 ∼ N (µ0 , σ0 ), and X = [x1 , · · · , xk ]T
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is a gaussian vector satisfying X ∼ N (µX , ΣXX ) with |ΣXX | > 0. Then the conditional
probability of x0 given X = X 0 is a gaussian distribution and has:
µ = µ0 + ΣT0X Σ−1
XX (X 0 − µX )

(5.20)

σ = σ0 − ΣT0X Σ−1
XX ΣX0

(5.21)

Σ0X

= [σ01 , · · · , σ0k ]T

(5.22)

where: σ0i is the covariance between x0 and xi , i = 1, · · · , k.

Theorem 1 indicates that we can use cycle times measured from ROs to estimate
the probability distribution of a gate’s upper-bound delay. To implement this conditional probability calculation, let us investigate the circuit layout shown in Figure 5.2 as an
example. Assuming there are k ROs distributed in the circuit, we estimate the upperbound delay of the NAND gate based on the RO measurements. From Theorem 1,
the distribution of NAND gate delay for a specific input combination is a gaussian
distribution with:
µi = µi0 + ΣT0X Σ−1
XX (D X − Γ0 )

(5.23)

σi = σi0 − ΣT0X Σ−1
XX ΣX0

(5.24)

Σ0X

= [σ01 , · · · , σ0k ]T

(5.25)

where Γ0 = [Γ1 , · · · , Γk ]T is the vector of mean cycle times of the ROs, D X = [D1 , · · · , Dk ]T
is the measurement vector composed by measurements from the ROs, Σ0X characterizes the correlation between the NAND gate and ROs according to process variations,
and ΣXX characterizes the correlation between the ROs considering process variations.
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Fig. 5.2: Circuit layout example. ROs are measured after fabrication to obtain variations.

Hence, we can use measurements D X on the ROs to estimate the gate’s delay distribution determined by µi and σi in Equations (5.23) and (5.24), respectively.

Theorem 2: If X is distributed as N (µ, Σ), then any linear combination of variables
aT X = a1 x1 + a2 x2 + · · · + ap xp is distributed as N (aT µ, aT Σa). Σ is the covariance
matrix characterizing the correlation between any two variables.

By further implementing Theorem 2 to estimate path (with s gates) delay distribution and considering the path delay modeled in Equation (5.19), the conditional
distribution of a path’s upper-bound delay Ds satisfies a gaussian distribution as:
Ds ∼ N (C s T µ, C s T ΣXX C s )

(5.26)

In summary, Equations (5.23), (5.24), and (5.26) enable the estimation using
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RO measurements to calculate the target path’s upper-bound delay considering process
variations and capacitive load conditions.

5.4

Silicon-Variation-Aware PDF Pattern Generation

Figure 5.3 shows our proposed SVA PDF pattern generation flow. As described in Section 5.2.1, we generate linear models for each gate type in the Nangate 45nm standard
cell library considering three process parameters: channel length L, channel width W ,
and threshold voltage Vth0 . For each parameter, we consider 15% variance during the
MC simulations using HSPICE [34]. Meanwhile, the correlations between gate types
are also calculated from the MC results. In addition, the linear model for a specificallystructured RO (a 7-stage RO constructed with the minimum-size inverter in the library)
is also extracted using the MC simulations with same parameter variations. From all
these MC results, we can further extract the correlation between different gate types
and the RO.
The SVA pattern generation process can be divided into five steps:
1. As a preprocessing step, linear models for different gate types and a specific
RO are formulated through a MC simulation procedure considering process variations.
The correlations are calculated for delays of different gate types and the RO.
2. At design stage, STA, using a relatively large timing slack, is performed to
select a large number of paths , e.g. top 20% of the paths. Meanwhile, ROs are
distributed across the design during placement and layout.
3. After fabrication, the ROs are measured to obtain their cycle time values (i.e.

145

Netlist

RO Measurement

Static Timing Analysis
(20% paths)

PV-Aware Gate Delay
Linear Models

Path Delay Estimation
Path Ranking
High Rank Paths
ATPG

PDF Patterns

Fig. 5.3: The proposed SVA PDF pattern generation flow.
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variations).
4. After collecting the measured RO cycle times, the selected paths are analyzed
for their upper-bound delay distributions. A fast path ranking technique ranks the
paths according to their distribution information.
5. Dependent on the test requirements, a percentage of the paths are selected
according to our ranking for PDF test.
Algorithm 4 shows the pseudo-code of our path ranking technique. In the algorithm, Lines 3 to 8 initialize the parameters for a new ranking. A binary search and
sorting process from Lines 9 to 25 compares the paths’ delays according to their probability distributions. When two paths are compared (Lines 13 to 17) the cumulative
probability function (CDF) of the difference of the two paths’ delays is investigated. If
the CDF shows that the delay of path i is larger than that of path j with a probability
≥ 0.5, path i is treated as a longer path compared with j. In this way, all the paths are
ranked according to their distribution information. Line 26 returns the finalized ranking. The binary search and sorting is different from ranking the paths by comparing
each one with all other paths. It significantly reduces the computational complexity
from O(n2 ) to O(nlog(n)), where n is the number of paths.

5.5

Experimental Results

This section shows our experimental results and evaluates the efficiency of the proposed
SVA flow on critical paths extracted from benchmark circuits. We use commercial
tools [34] and our in-house programs to dump the necessary circuit information, e.g.
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Algorithm 4 The proposed SVA ranking algorithm.
1: InputList[] – Input list: (µi , σi ), i = 1, · · · , k, where µi is the mean, and σi is the
variance corresponding to path i, k is the number of paths
2:

last ← length(InputList[]) (= k)

3:

f irst ← 1

4:

RankedList[] – Ranked path list

5:

PathRanking(InputList[], f irst, last)

6:

Initialization:

7:

p←0

8:

q←0

9:

temp ← 0

10:

i←0

11:

j←0

12:

while f irst < last do

13:

i = f irst − 1

14:

temp = 0

15:

for j = p; j < last; j + + do

16:

if CDF (Dlast > Dj ) <= 0.5 then

17:

i=i+1

18:

temp = InputList[i]
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19:
20:

InputList[j] = temp
end if

21:

end for

22:

temp = InputList(i + 1)

23:

InputList[i + 1] = InputList[last]

24:

InputList[last] = temp

25:

q =i+1

26:

PathRanking(InputList[], p, q − 1)

27:

PathRanking(InputList[], q + 1, last)

28:

end while

29:

Return the InputList[] as RankedList[]

capacitive load of the gates. The Nangate 45nm standard cell library is used for synthesis, physical design, and simulation. We extract the linear models and characterize
correlations for gate types in the cell library. Meanwhile, a 7-stage RO is constructed
as a block by using the minimum-sized inverter. During physical design, the ROs are
uniformly distributed in the design. In Equations (5.23) and (5.24), ΣXX is important
in estimating path delay, which characterizes the correlation between ROs including the
spatial information. We use the grid model [107] to generate the variation profile of the
physical parameters (L, W, Vth0 ) considering a 15% variance for each parameter. Based
on this variation profile, we use the covariance model [97] to approximate the correlation
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between every two ROs according to their physical distance, which is formulated as:

Cov(Di , Dj ) = σi · σj · ρij (l)

(5.27)

ρij (l) = e−λ·l ,

(5.28)

λ>0

where σi and σj are the variances of the delays from ROs indexed by i and j, and l
is the physical distance between the two ROs. Using MC simulation results at design
stage, we can approximate λ based on the technology library and obtain the λ · l for the
correlation model in Equations (5.27) and (5.28). For actual implementation of SVA
flow on ASIC designs, we can measure a set of dies on a wafer and use the measured
RO cycle times to improve the model accuracy. Once the correlation model is ready, we
measure the physical distance of the ROs using the placement and layout information
to calculate the ΣXX in Equations (5.23), (5.24), and (5.26). Currently, we leave the
model improvement and verification using silicon data to future research.
To implement SVA flow and to compare its efficiency with rankings using STA
and SSTA results, we performed the following experiments:
1. For a selected number of testable critical paths, we conducted an SSTA based
on the nominal parameter values considering a 15% variance for each major parameter
as mentioned earlier. 5000 MC simulations were conducted including the corner cases.
The paths’ delays were measured in HSPICE and collected to obtain their probability
distributions according to SSTA. Similarly for every two paths, a threshold 0.5 was used
to evaluate the CDF of their delay difference and compare their path lengths in timing.
The paths were then ranked accordingly and the ranking was recorded as the “SSTA
ranking”.
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2. According to the nominal parameter values and worst-case values stored in the
cell library, an STA was conducted to calculate the paths’ delays. The paths were ranked
according to their delay values and the ranking was recorded as the “STA ranking”.
3. We used the spatial correlation model [97] [107] to generate the variation profile
for each parameter according to specified nominal values and variances. Another round
of MC simulations was conducted on the paths and ROs. These simulations mimic the
actual silicon variations on a real chip after fabrication. We used HSPICE to measure
the paths’ delays and the paths were ranked accordingly. The ranking based on direct
measurements via HSPICE was used as a criteria to evaluate other rankings from STA,
SSTA and SVA.
4. The RO cycle times were measured and recorded as measurements representing
silicon. Using the RO cycle times, Algorithm 4 was used to rank the paths.
5. The ranking results from SVA were compared with rankings obtained from
STA and SSTA.
Figure 5.4 compares rankings of two paths (paths i and j) by SVA with that from
SSTA when using different number of measurements from the ROs. Using multiple
measurements, we calculated the mean value first and used it at the delay estimation
step in SVA. From our 2000 MC simulations, mimicking the actual silicon variations,
HSPICE measurements show that path i is always longer than path j with a probability
of > 99%. SSTA ranking shows that path i is longer than j with a probability of
≈ 96.5%. The ranking using SVA consistently provides higher accuracy (> 99%) even
when different number of RO measurements are used.
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Fig. 5.4: Comparing two paths length using SVA and SSTA.

In the following ranking comparisons, we introduce a tolerance parameter ∆L.
When ∆L is specified, we regard a rank L from SVA, STA, and SSTA as a correct
ranking if it is located within the range of [LM C − ∆L/2, LM C + ∆L/2], where LM C is
the rank determined by MC simulation results. For example, MC results rank a path
and obtain its ranking as LM C = 50. When ∆L = 6, the ranking L from SVA, STA, or
SSTA is regarded as correct, if 47 ≤ L ≤ 53.
In Figure 5.5, 18 gate-dominant paths, with relatively small capacitive load for
each gate, are ranked using SVA, STA, and SSTA. In Figure 5.6, 12 interconnectdominant paths with relatively large capacitive load for each gate, are ranked using
different methods. Both Figures 5.5 and 5.6 show that SVA always provides better
ranking results according to different ∆L.
Figure 5.7 compares the rankings of 400 critical paths from benchmark circuit
s38417 using SVA, STA, and SSTA, respectively. The results in Figure 5.7 show that
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Fig. 5.5: Comparison of ranking accuracy on gate-dominant paths using SVA, STA,
and SSTA.

Fig. 5.6: Comparison of ranking accuracy on interconnect-dominant paths using SVA,
STA, and SSTA.
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Fig. 5.7: Comparison of ranking accuracy using SVA, STA, and SSTA for 400 critical
paths.

rankings using SVA are more accurate than using STA and SSTA. When ∆L reaches
a value ≥ 24, SVA obtains 100% correctness. Figure 5.8 shows the improvement in
ranking when using SVA, according to different ∆L values. The results in Figure 5.8
indicate that as ∆L increases, the ranking improvement will decrease compared with
STA and SSTA. A larger ∆L leads to less effectiveness of SVA flow. However, rankings
based on a larger ∆L will lead to more paths to be treated with a same ranking. If we
select the top percentage of paths for PDF test for a high fault coverage, all of the paths
with same high ranking need to be included. It is inaccurate to neglect any of them.
This may lead to an over-sized path set. As a consequence, a smaller ∆L is preferred
for a lower test cost. When ∆L < 10, ranking accuracy using SVA is highly effective.
Even when ∆L approaches 50, SVA can still obtain ≥ 50% more accuracy than STA
and SSTA.
In the following, we evaluate the test cost reduction using SVA. Top q (in percent-
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Fig. 5.8: Improvement of ranking accuracy using SVA over STA and SSTA.

age %) testable critical paths are selected according to MC simulation results considering
different process variations. These q paths represent the actual critical paths in silicon.
To ensure these q paths are tested, tools usually end up selecting >> q paths. SVA,
STA, and SSTA are used to select the minimum number of paths that include these
q paths. Assuming the number of paths for 100% coverage of the q paths are PSV A ,
PST A , and PSST A obtained from SVA, STA, and SSTA, respectively, we can calculate
the test cost reduction as:
PSV A − PST A
× 100
PST A
PSV A − PSST A
=
× 100
PSST A

RST A =
RSST A

(5.29)
(5.30)

where RST A and RSST A represent the reduction in the number of paths for achieving
the same coverage detecting q paths by using SVA compared with using STA and SSTA.

The results in Figure 5.9 show that using SVA for PDF pattern generation we
can significantly reduce the number of paths necessary for test. On average, SVA
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Fig. 5.9: RST A and RSST A using SVA over STA and SSTA.

reduces ≥ 52% and ≥ 15% paths for testing aiming at 100% coverage of the q critical
paths. To detect the top q paths, STA will lead to a selection of PST A > q paths
for test; however, when using SVA to rank the paths, we only need to select the top
PSV A = PST A × (1 − RST A ) paths. Similarly, to detect the top q paths according to
ranking using SSTA, PSST A >> q paths must be tested; however, using SVA only leads
to PSV A = PSST A × (1 − RSST A ) paths.
In SVA, we introduced a time-consuming ranking step to rank the critical paths.
Even though we use a rather quick binary search and sort algorithm to reduce the time
overhead, it still introduces some time overhead. Currently, we are using a Desktop
with a 3.0GHz dual-core CPU and 3GB memory. The path ranking technique detailed
in Algorithm 4 is programmed using Matlab. According to our simulations, the time
overhead TOH caused by our ranking technique is ≈ 0.012 · n seconds, when the path
count n ≥ 5000. We believe that the ranking overhead TOH could be further reduced if
the algorithm is implemented using a more efficient program and is executed on higher-
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performance servers. To analyze the efficiency of SVA, we make an assumption that
one PDF corresponds to one critical path, hence one test pattern. It is reasonable to
assume that for a pattern detecting multiple PDFs, we only need to put one of them
into the ranking procedure.
As described in [108], the test time for each die (TT ) is:
TT = [(n + 2) · nsf f + n + 4] · Tclk

(5.31)

where n is the test pattern count, nsf f is the number of flip-flops in the scan chain
(nsf f > 0), and Tclk is the clock cycle time. Using SVA, for the same test coverage
we analyzed above, n · p (p = RST A for comparison with STA, and p = RSST A for
comparison with SSTA) patterns can be saved, which leads to test time reduced per die
TRP = n · p · (nsf f + 1) · Tclk . The RO measurement of a selected number of dies on a
wafer and ATPG runtime on PSV A paths are considered negligible since they are run
only once for a chip production test line.
For m dies, the overall test time reduced per die (TT R ), considering the ranking
overhead TOH , can be calculated as:
TT R = TRP −

TOH
m

= n · p · (nsf f + 1) · Tclk −

0.012 · n
m

(5.32)

TT R > 0 is needed to ensure the effectiveness of SVA:
m>

0.012
p · (nsf f + 1) · Tclk

(5.33)

Using Equation (5.33), we can calculate the minimum number of dies, mST A
and mSST A , ensuring that SVA is advantageous to STA and SSTA with ≥ 15% and
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≥ 52% test cost reduction, respectively. Assuming that Tclk = 20ns, nsf f = 670,
and p for RST A = 15% (used in Equation (5.34)) and p for RSST A = 52% (used in
Equation (5.35)), we can obtain:

mST A >
mSST A >

0.012
≈ 5962
1.36204 × 10−5 × 0.15
0.012
≈ 1720
1.36204 × 10−5 × 0.52

(5.34)
(5.35)

In an actual production line, the fabricated chip volume may easily exceed 5962;
also the scan chain may have a length nsf f longer than 670. These conditions ensure
that SVA can significantly reduce the test cost.

5.6

Summary

In this chapter, we proposed a SVA PDF pattern generation flow. We used postsilicon measurements to facilitate the prediction of actual delay variation. We then
ranked the paths’ delays and identified PDFs accordingly. This technique is shown to
be more accurate than STA and SSTA. In large industrial designs, this method could
considerably reduce test cost by reducing the number of paths to test and significantly
improve speed binning efficiency and yield.

Chapter 6

Testable Representative Paths

6.1

Introduction

When technology advanced into lower feature nodes, circuit performance became more
vulnerable to process variations and aging effects, such as the negative bias temperature
instability (NBTI) [6] [90]. An immediate negative impact of process variations and
NBTI is that path delays are no longer deterministic from chip to chip [86] [109]. On
a production line, delay from the same path on different manufactured chips may span
a wider range, which renders it very difficult to accurately identify the critical paths of
all chips. As a consequence, a large number of critical paths must be tested in order to
evaluate circuit performance.
Current automatic test pattern generation (ATPG) flows rely on timing analysis tools to identify critical paths for pattern generation and delay tests. Thus, timing
analysis becomes increasingly important, requiring high levels of accuracy and efficiency.
Conventional static timing analysis (STA) [94] and statistical static timing analysis (SSTA) [95] have major difficulties in identifying critical paths. The major problem is that
STA is not capable of considering the timing variability caused by process variations,
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since all physical parameters are evaluated at nominal values or worst-case values [110].
SSTA, on the other hand, represents path delay as a probability distribution, determined by a mean and a variance considering only process variations, and not the aging
mechanisms. Using SSTA leads to an overpessimistic evaluation of the delay deviation
because it includes all corner/worst cases.
In recent years, researchers have attempted to reduce the number of critical paths
by performing more accurate analysis of circuit timing considering process variations.
For example, the authors in [111] proposed a path selection algorithm to select a set
of critical paths at the pre-ATPG stage to achieve near optimal fault coverage. The
authors in [112] proposed a path-pruning technique to reduce the number of paths by
discarding all paths but the longest. However, these methods cannot efficiently reduce
the number of critical path,s since they lack accuracy in timing analysis. Thus, those
critical paths, which could be essential in verifying a manufactured IC’s timing impacted
by process variations, may not be accurately identified.
In addition to the effects of process variations, NBTI also introduces uncertainty
to circuit timing by changing the gate/path delay over time [11] [87]. Unfortunately,
STA and SSTA are not capable of efficiently incorporating NBTI into their timing
analysis processes. Over the years, different mathematical models have been proposed
to predict the delay change by NBTI. The authors in [3] proposed an analytical model
to characterize NBTI degradation considering both stress and recovery mechanisms. An
improved model was proposed in [11], which quantifies the gate-delay degradation by
equalizing the stress signals into rectangular signals. NBTI is an effect of operation
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stress time, temperature, stress probability, and several other factors. Actual circuit
degradation is not predictable due to variances in the stress conditions on chips used
in different systems/applications. This uncertainty makes it difficult to identify all
the critical paths, which are degraded at different time points by the NBTI effect.
Furthermore, considering process variations together with NBTI makes the paths delays
probabilistic. Both mean and variance evolve with time [86], and circuit timing analysis
becomes more difficult.
To obtain highly accurate circuit timing, using sensors were proposed as a viable
option in [113] [114] [116]. These sensors are inserted into designs to monitor and
measure the critical paths’ delay. The major issue is that these sensors cannot be
widely implemented over a large number of critical paths without causing excessive
area and power overhead, and design and test effort.
As circuit size increases with technology shrinking further to 22nm and below, the
number of critical paths required to test across different chips considering aging degradation and variations significantly increases. The total number of critical path obtained
using STA [94] [110] and SSTA [95] [111] can be extremely large. Hence, in this thesis,
we propose a novel methodology for identifying testable representative paths (TRPs)
for the path delay test in order to reduce PDF patterns and save test cost and time.
The objective of this work is to use a small number of TRPs to statistically estimate
the delay and aging of a large number of critical paths in a set of chips considering both
process variations and NBTI effect. TRPs are a small number of paths selected from
the critical paths according to gate overlap and circuit topology analysis. As a subset
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of all the critical paths, TRPs can represent the unselected paths, based on gate overlap
and their interconnections. The TRP maximum mean delay and variance closely follow
the maximum mean delay and variance of all the critical paths at different time points.
Instead of testing a large number of critical paths, testing TRPs alone will considerably
reduce PDF patterns during production test. Moreover, TRPs can be implemented with
logic built-in self-test (LBIST) methods and in multi-core system environments, which
can repeatedly apply the stored PDF patterns over time to evaluate circuit performance
and reliability in the field. Furthermore, the identification of TRPs enables adaptive
calibration methods to be performed in a timely manner to ensure lifetime reliability.
Testing on TRPs is a cost-effective test solution compared with: (1) Inserting monitors
over the circuit for all critical paths. As only a small number of TRPs need to be measured and monitored, the impact on the circuit is minimized. (2) Conventional ATPG
testing of all critical paths. Since the number of TRPs is significantly less than the number of critical paths, a relatively small on-chip memory is needed to store all the TRP
delay patterns. Compatible with LBIST methods and multi-core system environments,
these patterns can be repeatedly used to evaluate circuit performance.
The contribution here includes:
1. Development of a novel QR decomposition based algorithm to select a small number of TRPs to represent all critical paths. We significantly reduce the critical
path number by selecting the TRPs for PDF pattern generation and delay test.
2. Development of a novel PDF pattern generation flow to reduce the number of PDF
patterns by focusing on the TRPs. Testing on TRPs can provide accurate path
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delay estimation and circuit performance evaluation, since the TRP maximum
mean delay and variance closely follow the maximum mean delay and variance of
all critical paths.
3. Demonstration of the effectiveness of our technique on six benchmark circuits.
The rest of this chapter is organized as follows: Section 6.2 provides the delay
analysis under the impact of process variations and NBTI aging. Section 6.3 presents the
details of our proposed TRP identification flow. Section 6.4 provides our experimental
results and analysis. Section 6.5 summarize this chapter.

6.2

Delay Analysis Considering Process Variations and NBTI Effect

In this section, we present the background and motivations of our proposed methodology.

6.2.1

Gate Delay Analysis and Approximation

Circuit performance is predominantly determined by critical paths, which are impacted
by process variations and NBTI aging effect. Gate delay can no longer serve as a
deterministic value when these effects are considered. Taking these two factors into
account, the authors in [86] formulate gate delay di as a probability distribution function
of time t with a mean value µdi (t) and a variance value σdi (t) as:
µdi (t) = µdi (0) × (1 + A · Sti · tγ )

(6.1)

σdi (t) = σdi (0) × (1 − A · Sv · tγ )

(6.2)

µdi (0) = d0i

(6.3)

σdi (0) = d0i Sti σpvi

(6.4)
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where the value of A depends on both technology parameters and operating conditions,
Sv describes the NBTI degradation rate to the threshold voltage V th shift, Sti indicates
the degradation rate of gate delay to Vth shift, and µdi (0) (= d0i ) and σdi (0) are the
mean and variance values of the gate delay at time 0 without NBTI degradation.
If we simplify Equations (6.1) and (6.2), we get:
dµi

= µ0i + aµi · tγµi

(6.5)

dσi

= σ0i + bσi · tγσi

(6.6)

dµi

= µdi (t)

(6.7)

dσi

= σdi (t)

(6.8)

µ0i = µdi (0)

(6.9)

σ0i = σdi (0)

(6.10)

where:

aµi

= µdi (0) · A · Sti

(6.11)

bσi

= −σdi (0) · A · Sv

(6.12)

Comparing Equations (6.5) and (6.6) with (6.1) and (6.2), the above modification only changes the formats of the mean and variance equations. Equations (6.5)
and (6.6) reveal that there are two unique triplets, (µ0i , aµi , γµi ) and (σ0i , bσi , γσi ) for
the mean dµi and variance dσi that correspond to gate delay. Note that Equations (6.1) and (6.2) have the same exponent γ. However, we use two individual exponents γµi and γσi in Equations (6.5) and (6.6) after transformation. The major reason
for this is that we use pre-silicon Monte-Carlo (MC) simulation results to approximate
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(µ0i , aµi , γµi , σ0i , bσi , γσi ) of the propagation delay for each gate type corresponding with
different input combinations. By using two individual γµi and γσi , we can obtain better
approximation accuracy for the mean and variance values. We verified this using our
simulation results obtained for different gate types in the Nangate 45nm standard cell
library [66]. Our TRP identification flow in Section 6.3 will employ this modification.
Figure 6.1 compares the falling delays of gate type IN V X1 from the 45nm Nangate cell library at 11 stress time points (temperature is 25o C). Delays were measured
in HSPICE MOSRA through 5000 MC simulations to incorporate process variations
and NBTI degradation. Three physical parameters, channel length L, channel width
W , and threshold voltage Vth0 are assumed to have 15% variance respectively. We used
the results to extract the corresponding approximation models and then compared them
with the simulation results. In this figure, the blue line with symbol “−
−” shows the
simulations results, while the red line with symbol “−♦−” represents the results from the
models. From Figure 6.1, we can see that models approximate the simulation results
very closely. This approximation is expected to be highly accurate and applies to all
gate types in the technology library.
In Equations (6.5) and (6.6), aµi and bσi separately evaluate the degradation
rates of gate mean delay and variance from the combined effect of process variations
and NBTI degradation over time. Given the different structures of each gate type, the
delays and degradation rates differ from gate type to gate type. Even amongst the same
gate type, delays and degradation rates are biased from different input combinations,
since NBTI is an aging effect upon PMOS transistors, and the stack condition of PMOS
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Fig. 6.1: Mean and variance approximations corresponding to gate type INV X1,
where the falling delays are measured using HSPICE MOSRA and compared
with model approximation at 11 stress time points.
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transistors will change the degradation rate. When we characterize different gate types
using the two triplets, (µ0i , aµi , γµi ) and (σ0i , bσi , γσi ) for the mean dµi and variance dσi ,
we differentiate not only from gate types, but also from different input combinations.
We can get a corresponding delay pair (aµi , bσi ) for the specific input combination of
each gate type. All the delay pairs (aµi , bσi ) can be obtained using HSPICE MOSRA
analysis and MC simulations based on the technology library. In our simulations, a
unit capacitive load is used to obtain all the delay pairs. However, in actual circuit, the
capacitive load to each gate may be different due to the interconnects and fan-in/fan-out
conditions. Note that in this chapter, we take into account the capacitive load from
interconnects. We leave the impact of process variations on interconnects to future
research. Alpha-power law [85] provides an analytical model to formulate gate-level
delay di based on threshold voltage Vth , capacitive load CLi as:
di =

Vdd
× CLi
βi · [Vdd − Vth ]γ

(6.13)

where βi is a parameter dependent on the gate type, and Vdd is the power supply voltage.
In Equation (6.13), capacitive load CLi simply works as a multiplier. Thus, considering
the capacitive load CLi , we would rather use di × CLi to represent the delay di obtained
from the simulation results as:

di → di × CLi

(6.14)

Since di is characterized as a probability distribution as in Equations (6.1) and (6.2),
considering capacitive load CLi , the gate delay di has its mean and standard deviation
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as:

µdi (t) → µdi (t) × CLi ⇒ aµi → aµi × CLi

(6.15)

σdi (t) → σdi (t) × CLi ⇒ bσi → bσi × CLi

(6.16)

In Equations (6.15) and (6.16), the format of the delay pair (aµi , bσi ) is not changed.
However, by multiplying CLi , the capacitive load (from interconnect and followed gates)
of the gate is incorporated. Note that this transformation will not take into account
of variation of the interconnect. Thus, we can still use the same format of the delay
pair (aµi , bσi ) to describe the gate delay di , even with the capacitive load from the
interconnect and following gates considered.

6.2.2

Path Structure and Delay Analysis

Considering the circuit topology, paths go through different gates, and gates may be
shared by multiple paths. We treat each unique gate as a delay segment with its
capacitive load from interconnect and following gates. Suppose there are n critical
paths, each of which consists of delay segments from on-path gate input to output.
Assuming there are totally m unique segments on these critical paths, we can then use
an n × m matrix P = {p1 , p2 , · · · , pn }T to denote the paths, where each row vector
pi = [pi1 , pi2 , · · · , pim ] (i = 1, · · · , n) refers to a specific path among the group and is in
the form of a series of 1s and 0s, indicating whether or not a specific segment is on the
path. If pij = 1, delay segment j is on path i; otherwise, delay segment j is not on path
i. Since the delay segment j has its own unique delay pair as (aµj , bσj ), we can use two
vectors µ = [aµ1 , aµ2 , · · · , aµm ]T and σ = [bσ1 , bσ2 , · · · , bσm ]T to denote the segments
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delay, where [·]T calculates the transpose matrix. We define the vector multiplication
as:
Definition 1: If A and B are two vectors,
A = [a1 , a2 , · · · , ak ]
B = [b1 , b2 , · · · , bk ]T
A ⊗ B calculates the element-by-element product of vectors A and B as:
A ⊗ B = [a1 , a2 , · · · , ak ] ⊗ [b1 , b2 , · · · , bk ]T
= [a1 · b1 , a2 · b2 , · · · , ak · bk ]
where A and B must have the same size.
Thus, for path i, we can obtain two unique vectors Γµi and Γσi , which can be
calculated as:
Γµi = pi ⊗ µ

(6.17)

Γσi = pi ⊗ σ

(6.18)

In this way, the total n paths can be represented by using two matrices Γµ and
Γσ , which can be calculated as:
Γµ = P ⊗ µ

(6.19)

Γσ = P ⊗ σ

(6.20)

Equations (6.19) and (6.20) reveal the structure and connection of the n paths.
Delay degradation of m gates, due to process variations and NBTI, on these n paths
are also described by listing their means and variances in these two equations.
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Fig. 6.2: An example circuit with 9 basic gates.

6.3

Testable Representative Paths (TRP) Identification Flow

In this section, we present the details of TRP identification. Matrix manipulation will
help to identify TRPs as a subset of critical paths. The path structure and gate overlap
condition in the circuit will be taken into consideration. The TRPs that are finally
selected represent the unselected paths. Since the TRPs are part of the original critical
paths, and our flow selects TRPs without impacting the connection of the gates, the
layout of the critical paths, or the circuitry, the correlation between the gates will still
be remained.
Table 6.1: The Structure of Paths in Figure 6.2
Path #

Path Structure

P1

G1 → G3 → G5 → G7 → G9

P2

G1 → G3 → G5 → G6 → G8

P3

G2 → G4 → G5 → G6 → G8

P4

G2 → G4 → G5 → G7 → G9
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Figure 6.2 shows an example circuit with a very simple structure, where on-path
gate inputs are indicated by a solid line, and off-path gate inputs are indicated by dots.
Table 6.1 shows the corresponding structure of each path from primary input to primary
output in the dummy circuit. From the table, we can see that many gates are shared
by multiple paths, e.g., gate G5 is shared by paths P 1, P 2, P 3, and P 4. As described
in Section 5.2, if we regard each gate and its corresponding capacitive load as a delay
segment (di ), path delay can be represented as a summation of the delays of several
segments Dj =

X

di . Thus, the four path delays can be represented as:

i





D1 = d1 + d3 + d5 + d7 + d9







 D2 = d1 + d3 + d5 + d6 + d8

(6.21)




D3 = d2 + d4 + d5 + d6 + d8







 D4 = d2 + d4 + d5 + d7 + d9
where Dj indicates the delay of path Pj , and di is the delay of gate Gi .
Considering the gate overlap and the structure of each path, path delay D1 can be
calculated as a linear combination of path delays D2 , D3 and D4 as D1 = D2 − D3 + D4 .
A similar relationship exists between other paths. This representation of one path delay
by other paths’ delay indicates that we can select part of the paths in a circuit to
analyze the delays of other paths. The number of selected paths then depends on the
circuit topology, e.g., gate overlap and path structure. Assuming again that there are
m unique segments on n paths, the delay of these m gates can be represented as a delay
vector d = [d1 , d2 , · · · , dm ]T . We can then use an n × m matrix P = {p1 , p2 , · · · , pn }T
to represent the circuit structure of these n paths. Another n × m matrix D, calculated
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from P and d, can be used to represent the delays of these n paths. D can be calculated
as:
D = P ⊗d






= 








p11 p12 · · · p1m 


p21 p22 · · · p2m 

 ⊗ [d1 , d2 , · · · , dm ]T

..

.



pn1 pn2 · · · pnm

(6.22)

The rank of a matrix is defined as the number of independent rows that can
linearly represent all other rows [115]. This is to say that the top r paths, where
r = rank(Dn×m ), can exactly express Dn×m as linear combinations of Dr×m . QR decomposition with column pivoting, that makes such representation possible, can be used
to select the corresponding r row vectors. It has been successfully employed in [114] [63]
and in many other applications in signal processing and statistics [61]. Our method uses
QR decomposition with column pivoting to identify the TRPs.
The above analysis enables the selection of a path subset, which can linearly
represent the delays of unselected paths. However, neither process variations nor NBTI
impact is taken into account during formulation and analysis. Suppose that, among
many functional paths in the circuit shown in Figure 6.2, paths P1 , P2 , P3 , and P4
stand out as four critical paths, as shown in Figure 6.3. We select one path as TRP in
such a way that the maximum delay of the TRP can always closely track the maximum
delay of all the critical paths. For large industry designs that have a large number of
critical paths, we expect to select multiple paths as TRP.
In order to bring in consideration process variations and NBTI, and select path
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Fig. 6.3: Delay distributions of 4 paths at time 0 and time t considering process variations and NBTI (“pdf” stands for probability distribution function).

subset (i.e., TRPs) accordingly, we use (aµi , bσi ) corresponding to each unique gate on
all the critical paths to construct two matrices as in Equations (6.19) and (6.20):

Γµ = P ⊗ µ






=








p11 p12 · · · pim 


p21 p22 · · · p2m 

⊗[aµ , aµ , · · · , aµm ]T
1
2

..

.



pn1 pn2 · · · pnm

(6.23)
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Γσ = P ⊗ σ






=








p11 p12 · · · pim 


p21 p22 · · · p2m 

⊗[bσ , bσ , · · · , bσm ]T
2
1

..

.



pn1 pn2 · · · pnm

(6.24)

QR decomposition with column pivoting is used on Γµ and Γσ to identify two
TRP subsets from the original critical paths. After performing singular value decomposition and using steps of QR decomposition with column pivoting on Γµ as an example,
we can obtain Γµ = Uµ × Sµ × Vµ , where Uµ and Vµ are n × n and m × m orthogonal
matrices, respectively, and Sµ is an n × m diagonal matrix consisting of the eigenvalues
λµi of Γµ ranked in the descending order, i.e., λµ1 > λµ2 > · · · > λµi > λµi+1 > · · · > 0.
The number of non-zero eigenvalues λµi (i = 1, · · · , rµ ) equals the rank rµ of the matrix
Γµ , which also indicates the rµ most important row vectors (i.e., paths as a subset) that
can be used to represent the path matrix Γµ based on the mean values of all gates on
the paths affected by process variations and NBTI. Therefore, we can use QR decomposition with column pivoting to select the corresponding row vectors; in other words,
the paths corresponding to Pµ = {p01 , p02 , ..., p0rµ }T can be used as a TRP subset Sµ , to
represent the original paths in matrix Γµ . However, Sµ is obtained only based on the
mean values. We repeat a similar procedure on Γσ to obtain another path subset Sσ
corresponding to Pσ = {p001 , p002 , ..., p00rσ }T , which is selected based on the variance values
of all the gates on the original paths. Finally, the union of Sµ and Sσ is identified as
the TRPs representing all the paths affected by both process variations and NBTI:
S = Sµ

[

Sσ

(6.25)
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Algorithm 5 summarizes the TRP identification process. Lines 2 to 12 identify two
path subsets Sµ and Sσ separately. Line 13 returns the unified path set S as the TRP
set. The major computational complexity comes from the singular value decomposition
in Line 5 and the QR decomposition in Line 7. The computational complexity increases
exponentially with the path and gate counts. Hence, a “divide-and-conquer” approach
can be used to reduce the computational overhead for industrial designs that have a
huge pool of critical paths. By dividing them into multiple groups, we can apply the
TRP identification to each group in parallel, and eventually identify TRPs for all the
critical paths.

S = Sµ

[

Sσ

(6.26)

Algorithm 5 summarizes the TRP identification process. Lines 2 to 12 identify two
path subsets Sµ and Sσ separately. Line 13 returns the unified path set S as the TRP
set. The major computational complexity comes from the singular value decomposition
in Line 5 and the QR decomposition in Line 7. The computational complexity increases
exponentially with the path and gate counts. Hence, a “divide-and-conquer” approach
can be used to reduce the computational overhead for industrial designs that have a
huge pool of critical paths. By dividing them into multiple groups, we can apply the
TRP identification to each group in parallel, and eventually identify TRPs for all the
critical paths.
Figure 6.4 shows the entire process of selecting TRPs and generating their PDF
patterns (TRP-PDF patterns):
Step 1: We performed MC simulations with NBTI aging analysis in HSPICE MOSRA [34]
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Algorithm 5 TRP identification.
1: Input: P , Sµ , and Sσ
2:

Output: S

3:

Initialize S, SD

4:

for e doachD ∈ {µ, σ}

5:

Γ=P ⊗D

6:

Singular value decomposition: [UD , SD , VD ] = svd(Γ)

7:

Use the first r columns in UD to form Ur = UD (:, 1 : r)

8:

QR-decomposition, i.e., [Q, R, K] = qr(Ur )

9:

Γn = K T Γ

10:

Select the first r rows in Γn to form Γr = Γn (1 : r, :)

11:

Select SD as a subset of paths corresponding to Γr

12:

Let S = S

S

SD

13:

end for

14:

Return paths in S as the identified TRPs
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Static Timing Analysis
(Top10% or 20%)
Critical Paths

PV- and NBTI-Aware
Gate Models

ATPG

Step 3

All the Testable
Critical Paths
TRP Identiﬁcation
(Algorithm1)

Step 4

TRPs
ATPG
TRP-PDF
Patterns

Fig. 6.4: TRP selection and TRP-PDF pattern generation.

Step 1

Step 2
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for each gate in the Nangate 45nm standard cell library. We consider 15% variance on
channel length (L), channel width W , and threshold voltage (Vth ). For NBTI effect, we
consider a total 10 years (≈ 3 × 108 seconds) degradation using HSPICE MOSRA. We
measure the delay every year (≈ 0.3 × 108 seconds). Via data approximation on the
models in Equations (6.5) and (6.6), we obtain delay pair (aµi , bσi ) for each gate type
differentiating input combinations in the cell library. This step must be done only once
for each technology library.
Step 2: Testable critical paths extraction: STA with a large threshold (top 10% or
20% of the paths in timing) is conducted on the netlist of the design to select a large
number of critical paths for further analysis. Note that for large industry designs, a
smaller threshold, e.g. 2% may be used, as the number of paths would be considerably
large. Using ATPG in this step, we will only select paths that are “testable” to be used
by Algorithm 5 for TRP identification.
Step 3: TRP identification: We use Algorithm 5 to identify TRPs. For large industry
designs, a “divide-and-conquer” approach can be used to reduce the computational
complexity.
Step 4: TRP pattern generation: The identified TRPs are fed into the ATPG tool
for PDF pattern generation. Since the number of TRPs is significantly less than the
number of critical paths, PDF patterns will also be considerably lower.
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6.4

Experimental Results

This section presents our experimental results and evaluates the efficiency of the proposed TRP flow on critical paths extracted from the ISCAS 0 89 benchmark circuits. We
use commercial tools [34] and our in-house programs to extract the necessary circuit
information, e.g. the gate capacitive load. The Nangate 45nm standard cell library and
PTM 45nm transistor models [84] are used for synthesis, physical design, and simulations. We extract the process variations- and NBTI-aware gate models for each gate type
differentiating input combinations through 5000 MC simulations in HSPICE MOSRA.
We assumed 15% variance as the 3σ variance on channel length L, channel width W ,
and initial threshold voltage Vth0 . We implemented Algorithm 5 with Matlab and Perl,
and run the code on a Desktop with a 3.0GHz dual-core CPU and 3GB memory.
Figure 6.5 compares measurement results from TRPs and all the testable critical
paths of benchmark circuit s9234. We extract 1992 testable critical paths (top 20%
since the benchmark circuit is small) for timing analysis. Note that we select all the
paths designated as the top 20% in order to include all the potential timing-critical
paths considering both process variations and NBTI degradation. The total number of
unique gates on these paths is 2106. Clearly, there are a large number of paths sharing
the same gates. Here, we define all the different gate instances on the critical paths as
the unique gates.
Our flow identifies 638 TRPs. In the MC simulations using HSPICE MOSRA,
the temperature is set at 25o C. For the sake of simplicity and comparison, we put
every gate under a state of constant stress condition with a stress probability of 100%
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Fig. 6.5: Case 1: Comparison of the maximum mean delays and variances measured from all 1992 critical paths and 638 TRPs
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(called Case 1). In Figures 6.5(a) and 6.5(c), the maximum mean delays and variances
measured from the TRPs are compared with those from the critical paths at 11 stress
time points from time 0 to ≈10 years; the green bars show results from all the paths,
while the blue bars are the results of TRPs. Figures 6.5(b) and 6.5(d) calculate the
measurement errors accordingly. The results demonstrate that we can significantly
reduce the number of paths during the PDF test (from 1992 to 638, about 67.97%
reduction), while ensuring the accuracy. On average, the measurement error for the
maximum mean delay is ≈ 0.92% (Figure 6.5(b)), while the average measurement error
for the maximum variance is ≈ 1.63% (Figure 6.5(d)).
Figure 6.6 shows the comparison results of much more realistic aging conditions (called Case 2). For the same 1992 paths extracted from s9234, we repeated MC
simulations for 100 rounds. During each round, we performed 5000 MC simulations
considering process variations and NBTI degradation. Each gate was assigned a random stress probability in each round of MC simulations. The temperature was set to
25o C. This case is closer to the actual circuit stress conditions. Figures 6.6(a) and
6.6(c) compare the maximum mean delays measured from all critical paths, indicated
in green curve, with those from the TRPs indicated in the blue curve. x-axis represents
each simulation round, which includes 5000 MC simulations. Figures 6.6(b) and 6.6(d)
show the measurement errors. On average, for these 100 rounds of simulations, the error
for maximum mean delay and variance are 1.10% and 1.51%, respectively.
To verify that our TRPs closely follow the maximum mean delay and variance of
the critical paths considering process variations and NBTI, we repeat the 100 round of
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Fig. 6.6: Case 2: 100 comparisons of maximum mean delays and variances measured from all 1992 critical paths and 638 TRPs
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run).

NBTI (Temperature: T = 25o C, 50o C, 75o C, 100o C, and 125o C) (for each case, 100 round of MC simulations were

benchmark circuit s9234 at four stress time points (t = 2.5, 5, 7.5, and 10 years) considering process variations and

Table 6.2: Comparison of the maximum mean delays and variances measured from all 1992 critical paths and 638 TRPs from
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MC simulations with the temperature set as 50o C, 75o C, 100o C, and 125o C. Each gate
is still assigned a random stress probability during each round of MC simulation. The
results are shown in Table 6.2. Corresponding to each temperature from Rows 2 to 6,
mean delay errors and variance errors corresponding to four time points are compared.
In the last Row 7, the average mean delay error and variance error are calculated, which
are as low as 0.92% and 1.13%, respectively.
We summarize the TRP identification results of 6 benchmark circuits in Table 6.3
as well as measurement error analysis. In Table 6.3, Column 2 lists the number of critical
paths (NCP ) selected by STA as the top 20% of the paths. Other threshold values
could be used as well. Column 3 shows the number of unique gates on the critical
paths. The number of TRPs (NT RP ) identified using our flow is shown in Column 4.
The corresponding reduction in the number of paths is shown in Column 5, which is
calculated as R =

NCP −NT RP
NCP

×100. Column 6 shows the time overhead (TOH , e.g., CPU

runtime) introduced by TRP identification from the critical paths using our flow. We
evaluate the efficiency of TRP identification under two temperature scenarios, 25o C and
125o C for these benchmark circuits. Under each temperature scenario, the first column
(Column 7 for temperature 25o C, and Column 9 for temperature 125o C) shows average
errors comparing the maximum mean delay measured from the TRPs with that of all the
critical paths; the second column (Column 8 for temperature 25o C, and Column 10 for
temperature 125o C) shows average errors comparing the maximum variance measured
from TRPs with that of the critical paths. The last row in the table shows the average
values.

s5378
s9234
s13207
s15850
s38417
s38584

Benchmark
Circuit

Average

75.06%

215.56

2.09

2.29

1.93

2.32

Number of Testable
Number of
Time
Measurement Error Analysis
Number of
Reduction
Critical Paths
TRPs
Overhead
T = 25o C
T = 125o C
Unique Gates
(R)
(NCP )
(NT RP )
(TOH second) Mean Delay Error (%) Variance Error (%) Mean Delay Error (%) Variance Error (%)
1959
1623
619
68.40%
15.10
1.18
2.15
1.00
1.74
1992
2106
638
67.97%
20.89
1.10
1.51
1.12
1.53
1610
1669
741
53.98%
32.77
1.70
1.69
1.14
1.59
7991
1660
502
93.72%
76.87
2.67
2.90
2.73
3.37
12763
3376
723
94.34%
356.02
2.87
2.69
2.65
2.81
11252
12737
3156
71.95%
791.72
3.00
2.85
2.92
2.89

Table 6.3: TRP identification considering process variations and NBTI (T = 25o C, and 125o C, 100 round of MC simulations)
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Table 6.3 shows that our flow identifies very few TRPs compared with the original
large number of critical paths. On average for these 6 benchmark circuits, our flow
reduces path count by 75.06%, and can obtain ≤ 2.32% errors for both maximum
mean delay and variance estimation. Comparing the numbers of critical paths with
the TRP numbers, we expect the number of patterns to decrease significantly. Since
the maximum mean delay and variance from TRPs closely follow those of the critical
paths, testing TRPs can accurately indicate circuit path delay conditions. Instead of
generating a large number of PDF patterns for all the critical paths, a much reduced
number of PDF patterns only for TRPs can effectively verify circuit performance. For
each benchmark circuit, the critical paths and TRPs are given to the ATPG tool for PDF
pattern generation. The results are shown in Table 6.4, where Rows 2 to 7 compare the
number of PDF patterns for all critical paths with those for the TRPs corresponding to
each benchmark circuit. The reductions in the number of PDF patterns are calculated
as well and are shown in Column 4. As seen in the last row, the average PDF pattern
reduction (RP DF ) is 64.32%.

6.5

Summary

In this chapter, we proposed a testable representative paths (TRPs) identification flow
to reduce the number of paths for PDF pattern generation. The maximum mean delay
and variance of TRPs follow closely maximum mean delay and variance of all critical
paths considering process variations and NBTI over time. Simulations show that we can
use only a few selected TRPs to predict path delays with very high accuracy. TRPs can
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Table 6.4: PDF pattern reduction analysis.
Benchmark # of PDF Patterns for # of PDF Patterns PDF Patterns
Circuit

Testable Critical Paths

for TRPs

Reduction (%)

s5378

988

506

48.79

s9234

912

312

65.79

s13207

442

319

27.83

s15850

3408

237

93.05

s38417

1630

212

86.99

s38584

4125

1527

62.98

Average Reduction (RP DF )

64.24

be used in LBIST methods or multi-core system environments to effectively evaluate
circuit performance in the field, where a much smaller memory is needed to store these
PDF patterns.

Chapter 7

Conclusions

As semiconductor technology advances to 45nm and beyond, circuit design is facing
severe reliability issues. Timing related parametric failures are growing worse as technology further scales, which leads to increase of test cost and increased yield loss and
escape. As one of the major concerns, aging-related failure mechanisms now play an
highly important role threatening the product lifetime and performance quality, especially, NBTI and HCI. NBTI and HCI are highly dependent on temperature, operational
time, and circuit parametric information such as gate capacitive load, stress voltage, and
gate input signal slew. NBTI and HCI shift circuit delay over time at a rate jointly
determined by all the related parameters. Another important design concern is the
impact from process variations, which have been a long-time research topic. Process
variations deviate the gate/path delay into a probability distribution with its mean and
variation dependent on the silicon variations on dies.
Conventional aging analysis is performed using SPICE tools, such as Synopsys
HSPICE, Cadence Relxpert, and Mentor Graphics Elder. These gate-level SPICE tools
provide highly accurate analysis results. However, these tools are not applicable to industry designs for their long CPU runtime on large circuits. Another popular method
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for circuit reliability analysis is using on-chip sensors for in-the-field timing information. These sensors measure the sophisticatedly selected critical paths to extract timing
information over time. The immediate difficulties include:
• The routing and layout of the original circuitry may be disturbed, since the sensors
are inserted at locations chosen according to circuit timing analysis after layout
stage.
• The inaccuracy in selection of the critical paths for sensor insertion and monitoring
highly impact the measurement of circuit performance degradation.
Path delay test is another effective way to evaluate circuit performance. However,
due to the extremely large number of critical paths caused by process variations and
aging effects, the test process is highly time-consuming.
In this thesis, an aging-aware path delay analysis flow is proposed, which is applicable to large-scale industry designs. Chapter 2 begins with a comprehensive analysis
of NBTI and HCI effects with an abundance of simulations results. Using existing
mathematical models and a pre-generated LUT using the reliability tool, APD flow is
proposed. APD flow can analyze large circuit and provide high accuracy. Compared
with reliability tools and mathematical models, the proposed APD flow is efficient in
CPU runtime and accurate in analysis. Gate sizing method taking advantage of APD
analysis results can effectively compensate circuit aging degradation with a minimal
area and power overhead.
Chapter 3 proposes the RCRP design. RCRP synthesize stand-alone circuitry
for on-line aging analysis and delay measurement. RCRP is synthesized based on the
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structure of the functional circuit and the degradation rate of different critical paths.
According to accuracy requirements, RCRP can sample the actual workload from the
functional circuit without disturbing the operations. Or RCRP can be synthesized
with off-path pins on RCRP connected to ground or supply voltage to ensure that the
maximum delay measured from RCRP is the upper-bound of the actual largest delay
in the functional circuit.
Chapter 4 focuses on the clock slew reduction considering both NBTI and process variations. Taking advantage of the timing safety margin for NBTI and process
variations, an optimization algorithm is proposed to further reduce the skew.
Chapters 5 and 6 devote efforts in reducing PDF patterns considering performance
impacts. In Chapters 5, a PDF pattern reduction scheme is proposed by analyzing the
actual silicon variations using measurements of distributed on-chip ROs. Instead of
depending on STA and SSTA timing analysis, RO measurement can provide the information of actual silicon variations. PDF pattern generated based on actual silicon
variations are small in number and accurate in PDF test. In Chapters 6, a TRP selection flow is proposed. TRPs are selected based on the circuit topology and gate
degradation under the impact of NBTI and process variations. Results demonstrate
that the maximum mean delay and variance of TRPs follow closely the maximum mean
delay and variance of all the critical paths. Instead of generating PDF patterns for an
extremely large number of critical paths, PDF pattern for TRPs are significantly small
in number and highly accurate in evaluation of circuit performance.
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